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ABSTRACT 
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Title: Multi-Hazard In-plane Response of Steel-plate Composite (SC) Walls: Out-of-plane and 

Accident Thermal Loadings 
Major Professor: Amit H. Varma 

Steel-plate composite (SC) walls have been used for the third generation of nuclear power plants, 

and are being considered for small modular reactors of the future. Modular SC walls are also being 

considered for commercial applications, owing to their structural efficiency and construction 

economy. Walls in important structures may be subjected to a combination of loadings due to 

cascading hazards. Experimental and numerical studies were conducted to evaluate the in-plane 

response of SC walls (with boundary elements) and wall piers (without boundary elements) 

subjected to out-of-plane and accident thermal loadings. 

First series of experiments comprised of four SC wall pier specimens. One control specimen was 

subjected to in-plane loading (no out-of-plane loading). Three specimens were subjected to 

different magnitudes of out-of-plane loading in combination with in-plane loading. Experimental 

results indicate that the in-plane response of wall piers with aspect ratios greater than or equal to 

0.6 is flexure dominated. Introducing an out-of-plane force results in out-of-plane shear and 

moment in the wall piers. Wall piers subjected to out-of-plane shear equal to their nominal shear 

strength (per US codes) develop flexural yielding and failure due to interaction between the in-

plane and out-of-plane moments. Shear failure does not occur for these wall piers. The wall pier 

specimen subjected to an out-of-plane shear force that is 2.5 times the nominal shear strength (per 

US codes) was forced into a shear failure mode by the interaction of in-plane shear and out-of-

plane shear. 
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The second series of experiments involved subjecting one SC wall and one SC wall pier specimen 

to different magnitudes and durations of accident temperatures in combination with in-plane 

loading. Experimental results indicate that typical accident temperatures (up to 232˚C) do not 

result in significant reduction in in-plane strength of walls and wall piers. The strength for accident 

temperatures can be estimated using existing strength equations (per US codes). However, accident 

thermal loads result in a significant reduction in the stiffness of wall and wall piers. The reduction 

is primarily due to concrete cracking and depends on the magnitude of accident temperature. 

Stiffness reductions of up to 40% of the ambient stiffness were observed. 

Three-dimensional finite element models were developed for the two series of experiments. 

Additionally, a fiber-based model was developed to evaluate biaxial moment interaction for SC 

wall piers. The fiber model was then updated to include axial force-moment interaction and vector 

shear failure. Results from the numerical models compare favorably with experimental 

observations and provide additional insights into the behavior of the specimens. 

Experimental and numerical results formed the basis of strength and stiffness recommendations 

for SC walls and wall piers subjected to combined in-plane and accident thermal loading. The 

results were also employed to recommend an interaction surface for in-plane and out-of-plane 

moments. The recommendations are intended to help designers consider the simultaneous presence 

of multiple demands due to cascading hazards. 



 

 
 

 

 

   

  

  

  

 

 

 

   

 

   

     

 

 

 

1 

1. INTRODUCTION 

This dissertation discusses studies conducted to evaluate the in-plane response of steel-plate 

composite (SC) walls and wall piers subjected to multiple hazards. Two series of experiments were 

conducted: (a) SC wall piers subjected to biaxial (in-plane and out-of-plane) loading, and (b) SC 

wall and wall pier subjected to combined seismic (in-plane) and accident thermal loading (due to 

postulated high-energy pipe break events). Based on the experimental results, the biaxial 

interaction of SC wall piers, and the effect of thermal loads on the in-plane strength and stiffness 

of SC structures were evaluated. Benchmarked numerical and analytical models were developed 

to estimate the in-plane response of SC structures subjected to these combinations of hazards. 

Recommendations for analysis and design of SC structures for biaxial loading or combination of 

seismic and thermal loading were provided. 

This chapter introduces SC structural systems and their advantages over conventional reinforced 

concrete (RC) systems. Since the study comprises of SC wall (with boundary elements) and wall 

pier (no flanges or boundary elements) specimens, a discussion of applicability and behavioral 

differences in walls and wall piers is presented. The motivation and need for this research is then 

presented followed by the research objectives. Research plan and methods are listed. Scope and 

limitations of the research are discussed. The significance of knowledge acquired through this 

research is described. The chapter then presents the organization of the rest of the document, 

mentioning the topics covered in various chapters. 

SC Walls 

Nuclear structures involve heavy concrete construction to provide adequate radiation shielding and 

resistance to severe and extreme loads. High-rise commercial construction may also require heavy 
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concrete shear walls to satisfy high wind loads, seismic loads, or other design requirements. This 

results in longer construction durations and large field labor force requirements. Generic modular 

construction, especially modular steel-plate composite (SC) construction, can minimize schedule 

and labor requirements. In SC construction, concrete walls are reinforced with two steel faceplates 

attached to concrete using steel anchors, such as steel-headed shear studs, and connected to each 

other using steel tie bars. Figure 1.1 illustrates a typical SC wall section. Steel anchors enable 

composite action between faceplates and concrete. Ties provide structural integrity, prevent 

delamination of the plain concrete core, and serve as shear reinforcement. The SC walls may have 

sleeves for penetrations, and embed plates for commodity attachments. 

Behavior of SC walls under axial tension and compression [1], out-of-plane flexure [2] and out-

of-plane shear ([3], [4]) is similar to that of reinforced concrete (RC) walls. However, behavior of 

SC walls under in-plane shear ([5]–[7]), combined in-plane forces and out-of-plane moments [8] 

can be significantly different from that of RC walls. Additionally, specific limit states such as 

faceplate local buckling [1], interfacial shear failure ([3], [4]) between the faceplates and concrete 

infill, and section delamination through the concrete infill [9] need to be adequately considered in 

the design of SC walls. These limit states are discussed in AISC Design Guide 32 [10], along with 

section detailing provisions to prevent them from limiting the design. 

Advantages of SC construction include modularity and minimized construction schedule [11], 

structural strength and safety for seismic and accident thermal loading combinations ([12]–[14]) 

and resilience to impactive [15] and impulsive [16] loading. Presence of faceplates in SC walls 

eliminates the need for rebar and formwork. Use of faceplates facilitates fabrication of large empty 

modules in the shop. These modules can then be shipped to the site and assembled in the field. 
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Figure 1.2 presents the comparison between modular RC and SC construction. The schedule 

contraction achieved by modular SC construction is illustrated in Figure 1.3. 

Steel faceplates in SC walls provide better shielding behavior than conventional concrete. 

Compared to RC walls, the faceplates act as a barrier to incident radiation and reduce the intensity 

of radiation passing through to the concrete infill. The improved performance may enable up to a 

10% reduction in wall thickness due to reduction in the volume of concrete required for radiation 

shielding. SC walls do not have problems associated with rebar congestion or moisture loss due to 

evaporation. Faceplates in SC walls prevent moisture loss thus eliminating the need for concrete 

curing. With proper use of concrete lifts, the quality of placed concrete is generally superior to that 

in RC construction. Existence of faceplates makes it easier to incorporate major attachments such 

as large bore pipe supports during the initial construction. Additional minor attachments can also 

be easily handled during the service life of the structure. Similarly, the walls can be detailed during 

construction to accommodate any penetrations. SC walls have improved resistance to out-of-plane 

loads, such as bending and shear, that may be due to seismic or accident thermal events. The 

faceplates also provide better leak-tightness behavior, which reduces the loss of stored water. The 

leak-tightness also protects the concrete during the service life of the structure. SC construction 

has additional benefits in terms of resilience and sustainability of the structure. Some of the 

considerations for resilience and improved sustainability are discussed in Malushte and Varma [17] 

and Varma et al. [11]. 

Due to their numerous advantages, SC structures are increasingly being used in the third generation 

of nuclear power plants, and are also being considered for small modular reactors (SMRs) of the 

future. Modular SC walls are being considered for commercial applications, owing to their 

structural efficiency and construction economy. There has been recent research on the commercial 
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building application of SC walls with boundary elements ([18]–[21]). ASCE 7 [22] and AISC 341 

[23] seismic provisions permit the use of composite-plate shear walls (C-PSW), with and without 

boundary elements, in seismic regions. 

1.1.1 SC Flanged Wall and Wall Piers 

SC construction may involve SC wall with boundary elements (or flanges), or without boundary 

elements (known as SC wall piers). In this document, walls with flanges are called SC walls, and 

walls without flanges are called SC wall piers. SC wall construction is employed for labyrinthine 

structures (with cross-walls serving as flange walls) typical to nuclear structures. SC wall piers 

(SC construction without any flange walls) are typically used as shear walls in Department of 

Energy (DOE) type nuclear facilities and commercial construction. SC wall piers are also 

inherently present in safety-related nuclear facilities where the walls have large openings. 

Commercial applications of SC structures may also involve SC walls (with boundary elements). 

The presence (or absence thereof) of flanges governs the lateral (in-plane) load resistance 

mechanism of the SC structures. Lateral force transfer mechanisms for SC walls and wall piers are 

presented in Figure 1.4. Lateral loads on SC structures will result in a base shear (Vbase) and a base 

moment (Mbase). The presence of flanges in SC walls means that the flexural stresses due to base 

moment will be resisted primarily by flanges as axial compression and tension. The base shear will 

primarily be resisted by the web of the wall. However, in SC wall piers the lack of boundary 

elements (or flanges) means that both the base moment and the base shear need to be resisted by 

the pier (web). 
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Research Motivation 

SC walls in important structures (e.g., safety-related nuclear facilities) may be subjected to a 

combination of loads due to multiple hazards. The interaction of these loads is expected to 

adversely affect the lateral load (in-plane) response of SC walls. Fukushima nuclear accident of 

2011 emphasized the need for designing walls for combination of accident thermal scenarios, and 

design basis and beyond design basis shaking. Although the probability of multiple design level 

events occurring simultaneously is low, severe impact of one hazard may trigger other ones, e.g., 

earthquake shocks may lead to accident thermal (high-energy pipe break) events. Additionally, 

subsequent aftershocks (potentially as intense as the main shock) may occur during the accident 

thermal event. Combination of accident thermal loading and safe shutdown earthquake (SSE) also 

presents a significant design challenge for Small Modular Reactors (SMRs) and Advanced Light 

Water Reactors (ALWRs) since postulated accident scenarios may cause higher elevated 

temperatures for longer durations in their small constrained spaces. 

In case the seismic event occurs simultaneously with accident thermal event, the SC structures will 

be subjected to out-of-plane forces in combination with in-plane forces (in addition to accident 

temperature loads). Earthquake shaking, by itself, may also generate out-of-plane forces due to the 

inertial forces of the wall, and equipment and attachment loads. Nuclear structures are generally 

designed considering 100% of the design seismic force in one direction and 40% of the design 

seismic force in the other two orthogonal directions [24]. Additionally, the combination of out-of-

plane and in-plane forces is an expected loading environment for SC walls at horizontal 

connections to foundations and floors, and vertical connections to other walls. 

ACI 349 [25] and AISC N60s1 [26] require that the structural walls in safety-related facilities be 

designed for combination of abnormal loads (loads generated by a postulated high-energy pipe 

break accident) and safe shutdown earthquake loads. However, current design codes and standards 
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offer limited procedural guidance for including the effects of accident thermal loads or out-of-

plane loads on the in-plane behavior (stiffness, strength, ductility or reserve margin) of structures. 

Existing research focus on the individual effects of in-plane, out-of-plane, or accident thermal 

loading, but not the combination of these loads. There is a need to evaluate (a) effect of accident 

temperature loads, (b) effect of out-of-plane loads, on the in-plane response of SC walls. 

Research Objectives 

The experimental data for SC structures subjected to multiple hazard loading is currently lacking. 

Therefore, the primary objective of the research was to experimentally evaluate the effect of loads 

due to multiple hazards (out-of-plane loads and accident temperature loads) on the in-plane 

strength, stiffness, and post-peak response of SC structures. Benchmarked numerical and 

analytical models were developed to supplement the experimental observations. 

Recommendations for analysis and design are provided based on the experimental and numerical 

results. The knowledge and recommendations derived from the experimental and numerical results 

are being made publicly available through reports, research articles, and possible inclusion into 

US design codes. 

Research Plan and Methods 

The research objectives were achieved by the following major tasks: 

1.4.1 Design of Test Setup 

Since the combined in-plane and out-of-plane loading tests were first of a kind, designing the test-

setup that can apply high magnitude biaxial loading while accommodating orthogonal 

deformations was an important task. For tests involving combined in-plane and accident 
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temperature loading, designing the heating equipment that could enable surface temperature 

control at a specific magnitude for a specified duration was important. 

1.4.2 Experimental Studies 

Experimental program was the primary task of this research. Two series of experiments were 

conducted. Experiments were conducted to evaluate the in-plane response of SC wall piers 

subjected to different magnitudes of out-of-plane loading. Three specimens subjected to 

simultaneous in-plane and out-of-plane loading were tested. The second series of experiments 

involved testing SC wall and wall pier specimens to combination of accident temperature and in-

plane loading. The in-plane response of specimens was quantified for different magnitudes and 

durations of accident thermal loading. 

1.4.3 Benchmarked Models 

Benchmarked analytical and numerical models were developed based on the experimental results. 

A finite-difference based cross-section model was developed to evaluate the interaction of biaxial 

moments and shears for SC wall piers. The interaction surface was compared with experimental 

and numerical results. Detailed finite element results were developed to numerically evaluate the 

in-plane response of SC walls and wall piers subjected to (a) out-of-plane loads, (b) typical 

accident temperature loads. The finite element results were benchmarked to experimental results, 

and can be employed for parametric studies to explore the effect of variation in parameters (e.g., 

the out-of-plane loading location, the accident temperature magnitude) on the in-plane response of 

structures. 
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1.4.4 Analyses and Design Recommendations 

Based on the experimental results, recommendations for analysis and design of SC structures 

subjected to loads due to multiple hazards are provided. The recommendations are intended to 

provide designers with tools to more efficiently consider the effect of additional loads on the in-

plane strength and stiffness of SC structures. 

Research Scope and Limitations 

Research presented in this dissertation includes experimental, numerical and analytical 

investigation of SC structures subjected to (a) biaxial loading, and (b) combined seismic and 

accident thermal loading. The first series of experiments (biaxial loading) was conducted to 

evaluate the effect of out-of-plane flexure and shear loading on the in-plane strength and behavior 

of SC wall piers. The tests were conducted on SC wall piers because it is simpler to apply and 

measure the in-plane and out-of-plane shear forces to SC wall piers without flanges. The 

proportion of in-plane and out-of-plane shear forces carried by the web in SC walls with flanges 

is variable and extremely difficult to measure or quantify. Some of the scaled specimens were pre-

cracked to consider the size effects on the out-of-plane behavior of SC wall piers. The second 

series of experiments (seismic and thermal loading) was conducted to evaluate the effect of 

thermally induced cracking and stresses on the in-plane response of scaled SC wall and wall piers. 

An extensive loading and heating protocol was developed to investigate the effect of typical 

accident temperatures and durations. 

Specimens were not subjected to any axial compression demands, as axial compression (expected 

to be less than the balance point or 40% of the axial capacity for these bulky walls) will increase 

the moment capacity of the sections. Therefore, it was conservative to not consider the axial 

demands. 
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Since typical SC structures in safety-related nuclear facilities have capacities that are almost 

impossible to replicate in a laboratory setup, scaling of the specimens was necessary. The design 

failure limit state in SC structures is generally ductile failure of steel, so the scaling of steel sections 

would not adversely affect these limit states. For concrete, pea-gravel aggregates were used in 

consideration of the scale effects of concrete. Additionally, some of the biaxially loaded specimens 

were cracked in the out-of-plane direction to try and address the size effects. For specimens 

subjected to combination of seismic and thermal loading, the duration of heating was scaled to 

obtain through-thickness temperature profiles similar to those observed in physical structures. 

Numerical and analytical models were developed and benchmarked to experimental results. Since 

the benchmarked models are based on a limited number of experiments, they need to be validated 

with similar experiments that may be conducted in the future. The benchmarked models can be 

employed to conduct parametric studies. The parametric studies will further validate (and refine, 

if necessary) the analysis and design recommendations provided (based on the experimental 

results). 

Research Significance 

The experiments conducted as a part of this research are first of the kind. Currently, no data exists 

for SC specimens subjected to combination of in-plane and out-of-plane loading. Primary reason 

for that is the difficulty in designing a test setup where high magnitude of biaxial loads can be 

applied while accommodating orthogonal displacements. The test setup designed for this series of 

experiments can be employed to perform similar experiments on SC walls and RC walls. 

Heating equipment employed for the second series of experiments (combined thermal and seismic) 

has been successfully used for conducting fire testing of structural elements (CFT columns, beam-

columns, slabs, and connections) at Purdue University in the past ([27]–[31]) However, this is the 
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first time it was employed for wall tests. The successful completion of these tests means the setup 

can be employed for testing RC walls for similar loading. Wall tests for fire loading conditions 

can also be performed using the test setup designed. 

The experimental data obtained from the research conducted fills a critical gap in SC wall 

knowledge database. The experimental results quantify the effect of additional forces (out-of-plane 

and thermal) on the in-plane response of SC walls. Based on the results, procedural guidance for 

analysis and design for these multiple hazard loads is provided. Since the US codes require 

designing the SC structures for extreme and abnormal load combinations, the guidance provided 

will enable engineers and designers to more thoroughly address multiple hazard loading on SC 

structures. 

Organization 

This dissertation is organized into the following chapters. 

 Chapter 2 is the literature review section. This chapter provides a brief discussion on the 

history of SC construction. A listing of research on SC behavior is provided. The chapter 

then presents a discussion of current SC design provisions per US codes. A detailed review 

of research relevant to this study is provided. The review includes SC wall and wall pier 

behavior for in-plane and out-of-plane flexure and shear loads. Material and structural 

response to thermal loading in then discussed. The review of relevant research lays a 

foundation for the chapters that follow. 

 Chapter 3 discusses the design of experiments for SC wall piers subjected to combined in-

plane and out-of-plane loadings. The rationale for design of test matrix  and test setup is  

described. Basis and type of instrumentation is presented. The chapter then describes the 
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construction of the specimens and the test setup. Finally, the testing procedure and loading 

protocol followed for the experiments is discussed. 

 Chapter 4 presents detailed experimental results for SC wall piers subjected to combined 

in-plane and out-of-plane loading. Behavior of the wall piers specimens for biaxial loading 

is evaluated based on the experimental results. 

 Chapter 5 discusses the design of experiments for SC wall and wall pier specimens 

subjected to combined in-plane and accident temperature loadings. The rationale for design 

of test matrix, loading and heating protocol, and test setup is described. The basis and type 

of instrumentation is presented. The chapter then describes the construction of the 

specimens and the test setup. 

 Chapter 6 presents detailed experimental results for SC wall and wall pier specimens 

subjected to combined in-plane and accident temperature loadings. The in-plane strength 

and stiffness response of the specimens is evaluated based on the experimental results. 

 Chapter 7 discusses the development of a fiber-model to evaluate biaxial moment-shear 

interaction for SC wall piers. The results obtained from benchmarked fiber model are 

compared with experimental results, and additional finite element results to establish the 

conservatism of the fiber model. 

 Chapter 8 discusses the development and benchmarking of numerical finite element models 

for the specimens tested. The model parameters and details of finite element models are 

presented. Numerical results are compared with experimental results, and any limitations 

of the finite element models are discussed. 
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 Chapter 9 summarizes the research presented and enlists the conclusions drawn. 

Recommendations for analysis and design are also listed. Potential limitations of the results 

are discussed. Finally, future directions of research are discussed. 
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Figure 1.1 Typical SC wall configuration (from [10]) 
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a) Modular SC construction 

b) Modular RC construction 

Figure 1.2 Typical modular SC and RC wall configurations (from [32]) 
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Figure 1.3 Schedule contraction by means of SC construction (from [32]) 
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Figure 1.4 Difference in SC wall and wall pier lateral force transfer mechanisms (from [33]) 
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2. BACKGROUND 

This chapter presents the review of literature related to SC structures. The chapter is organized 

into following sections. 

 SC construction and research background: Initial applications and relevant research for SC 

structures are listed. Research conducted on the non-commercial applications of SC walls 

is mentioned. SC construction and research history for nuclear applications is listed. The 

section summarizes SC construction and research history. 

 US design provisions for SC structures: A brief discussion of organization and layout of 

Appendix N9 to AISC N690s1 [26] addressing the analysis and design of modular 

composite construction is provided in the section. Organization of AISC’s recently 

published design guide on modular composite construction [10] is also presented. 

 SC Detailing Provisions: AISC N690s1 [26] provisions to ensure that the non-ductile 

failure modes (e.g., faceplate buckling, splitting failure) do not govern the failure of SC 

walls are presented in this section. Faceplate slenderness requirement is discussed in detail. 

 SC wall pier behavior: Relevant research on in-plane and out-of-plane behavior of SC wall 

piers is discussed in detail in this section. 

 SC wall behavior: Research on the in-plane shear response of SC walls is described. 

 Thermal loading: This section discusses the material and structural response to typical 

accident temperature loads. 

SC Construction and Research Background 

Initial application of SC walls was in non-nuclear commercial projects to resist extreme events in 

large structures. SC walls were expected to provide better resistance to extreme blast and 
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earthquake events. Other non-nuclear applications of SC walls included submerged tube tunnels 

[34], offshore oil rigs [35], and ship building [36]. Experimental and numerical studies were 

conducted in the UK (and Europe) on SC beams to investigate the effect of various parameters 

(e.g., partial composite action, stud spacing, steel faceplate thickness, etc.) on the out-of-plane 

flexure and shear response of the specimens ([37]–[42]). Recently, there has been research on the 

commercial building application of SC walls with boundary elements ([18]–[21]). 

The need for construction schedule reduction, and better constructability and performance aspects 

of SC walls in comparison to RC walls led to the consideration of their use in safety-related nuclear 

facilities [32]. Some of the early studies on nuclear power plant type structures composed of SC 

walls were conducted in Japan. For example, the seismic behavior of a containment internal 

structure (CIS) composed entirely of SC walls was evaluated experimentally by testing a 1/10th 

scale model of the entire structure by Akiyama et al. [43]. The structure was subjected to a cyclic 

loading history with load control cycles in the elastic range and displacement control cycles in the 

inelastic range. The cyclic response of the structure included events such as concrete cracking, 

steel yielding, local buckling, shear buckling, and eventual fracture failure of the steel plates. The 

cyclic lateral load-displacement responses and hysteresis loops indicated that the structure had 

excellent stiffness, strength, and ductility. The equivalent viscous damping factor, obtained from 

the hysteresis loops, was about 5% before steel yielding and increased significantly thereafter due 

to yielding and inelasticity. Sener et al. [12] recently developed and verified a 3D nonlinear 

inelastic finite element model of the 1/10th scale test  structure. They  used the model to predict, 

further evaluate and gain insight into the seismic response of the SC structure. Both the 

experimental and numerical results confirmed that the seismic response including the stiffness, 

strength, and drift capacity was governed by the in-plane shear behavior and corresponding 
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concrete cracking and yielding of the steel plates of the SC walls. The lateral load ultimate strength 

was governed by the in-plane shear strength and failure of the SC walls parallel to the lateral  

loading direction. The final fracture occurred in regions where transverse shear 

reinforcementweb platesin the SC walls were discontinued abruptly. The overturning moment 

at the base also contributed to inelastic deformations with extensive concrete cracking and yielding 

in the SC walls at the exterior outer regions of the CIS. 

Akiyama et al. [43] compared the cyclic response of the SC structure with that of an equivalent 

RC structure that had been tested earlier using a similar size model by Kato et al. [44]. Akiyama 

et al. concluded that: (1) The ultimate strength of the SC structure was much higher than the 

corresponding RC structure due to the significant contribution of the steel plates. (2) Cyclic loading 

causes some stiffness degradation in the elastic range due to concrete cracking. This degradation 

was about 30% for the SC structure as compared to about 65% for the RC structure. (3) The SC 

structure was more ductile as the corresponding RC structure lost capacity rapidly after peak load 

due to shear failure. It is important to note that these conclusions were limited to specific SC and 

RC structures that were tested by Akiyama et al. and Kato et al., and the corresponding design, 

reinforcement and connection details. These conclusions cannot be generalized, but they motivated 

extensive research and studies in Japan, China, South Korea, the U.S. and Europe to establish 

rational design provisions, codes, and standards for SC structures.  

Significant research on the behavior of SC walls for various loading conditions, both in-plane and 

out-of-plane, has been performed in Japan ([7], [45]–[48]), China ([49]–[51]), and in South Korea 

([52]–[57]). The research in Japan and South Korea has been the basis for design standards for SC 

construction in the respective countries ([58], [59]). 
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In the U.S., extensive research has been conducted over the past decade to evaluate the behavior 

of SC walls and connections and to develop consensus design standards such as Appendix N9 to 

AISC N690s1 [26]. For example: 

 The behavior of SC walls subjected to accident thermal and mechanical loading was evaluated 

by Booth et al. [60], Varma et al. [61], Varma et al. [62], and Booth et al. [63].  

 The out-of-plane shear behavior and design of SC walls was evaluated by Varma et al. [64], 

Sener and Varma [3], and Sener et al. [65]. The out-of-plane flexure behavior of SC walls was 

analyzed by Sener et al. [2]. 

 The in-plane behavior and design of SC walls was evaluated by Varma et al. [6] and Seo et al. 

[66]. In-plane behavior of SC wall piers (without boundary elements) was analyzed by 

Epackachi et al. ([67], [68]) and Kurt et al. [69]. 

 The local buckling behavior of steel faceplates in SC walls and the composite action between 

steel plates and concrete infill was evaluated by Varma et al. [62], Zhang et al. [1], Zhang [70], 

and Bhardwaj and Varma ([71], [72]).  

 The behavior and design of SC walls subjected to combined in-plane forces and out-of-plane 

flexure was presented by Varma et al. ([73], [8]).  

 The missile impact behavior and design of SC walls was evaluated by Bruhl et al. ([15], [74]). 

The effects of impulsive loading on the design of SC walls was also evaluated by Bruhl and 

Varma ([75], [76]).  

 The behavior and design of non-contact lap splices between the steel plates of SC walls and 

rebar of RC components were evaluated by Varma et al. [77], and Seo and Varma [78]. The 

direct shear strength of rebar coupler anchor systems for SC walls was evaluated by Kurt et al. 

[79]. 
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 The behavior, design and shear strength of SC wall-to-wall T-joints and corner or L-joints were 

evaluated by Seo et al. [80], Seo [81]and Seo et al. [82]. 

 The design and detailing of faceplates, steel anchors and ties of SC walls to prevent local 

buckling, interfacial shear failure, and section delamination failure were presented in Bhardwaj 

et al. [9]. This paper also presented the design of steel anchors and ties to account for the effect 

of combined shear forces. 

 The lateral load capacity of SC walls with boundary elements was evaluated by Booth et al. 

[83]. The lateral load capacity of SC wall piers (without boundary elements) was evaluated by 

Epackachi et al. ([67], [68]) and Kurt et al. [69]. 

SC walls are being increasingly used in nuclear facilities. GE Hitachi Nuclear Energy and Toshiba 

have used SC walls for advanced boiling water reactor (ABWR) Kashiwazaki-Kariwa Units 6 and 

7 in Japan. These units were opened in 1996-97. Tokyo Electric Power Company (TEPCO) used 

SC walls in ABWR Fukushima 7 and 8 units. These units began commercial operation in 2007-

08. Westinghouse Electric Corporation (WEC) has incorporated SC modules for walls and floors 

of its AP1000 plant internal structures. A typical wall module panel for the AP1000 plant 

containment internal structure is shown in Figure 2.1. Figure 2.2 presents a preassembled internal 

structure SC module. WEC also extended the use of SC modules to the AP1000 shield building to 

make it resilient against aircraft impact, a stipulated beyond-design-basis event. Construction of 

several AP1000 units is underway in the U.S. (South Carolina and Georgia) and China (Sanmen 

and Haiyang). Korea Hydro and Nuclear Power (KHNP) is incorporating SC construction in its 

advanced pressurized reactor (APR+) standard plant. Mitsubishi Heavy Industries (MHI) is doing 

the same for its advanced pressurized water reactor (APWR) standard plant. The use of SC 

construction in small modular reactors (SMR) is also currently being explored. Commercial 
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applications of SC wall piersknown as composite-plate shear wallswith and without boundary 

elements are also being considered in building construction. 

US Design Provisions for SC Structures 

Previously, the use of SC construction in the United States had been hindered by the absence of a 

U.S.-based design code for SC walls. However, in 2006 American Institute for Steel Construction 

(AISC) formed a subcommittee on modular composite construction under the Committee on 

Specifications Task Committee 12 for nuclear structures. Over the next nine years, from 2006 to 

2015, a specification for the design of SC walls in safety-related nuclear facilities was developed 

and finalized as an appendix (Appendix N9) to AISC N690 [26]. The new appendix was based on 

research conducted in the US and elsewhere (discussed in the previous sections), and was 

incorporated into AISC N690 as Supplement No. 1. An outline of Appendix N9 and a brief 

discussion of how the provisions of the appendix may be used for the design of SC walls and 

connections are provided in Bhardwaj et al. [84] and Varma et al. [85]. 

2.2.1 Appendix N9 to AISC N690s1 

Appendix N9 is applicable to the design of SC walls and their connections and anchorages. The 

experimental database that forms the basis of the provisions is discussed in AISC Design Guide 

32 [10], and commentary to Appendix N9. The appendix is limited to SC walls with two faceplates 

on exterior surfaces and no additional reinforcing bars. General requirements of the appendix 

specify the conditions necessary for applicability of the provisions. Detailing requirements of the 

appendix address SC-specific limit states of local buckling, interfacial shear failure, and section 

delamination. The appendix discusses the analysis procedures and presents the guidelines for 

analysis. The demand types and available strengths for individual demands are presented. The  
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appendix also presents the interaction surfaces for combinations of demands. Connection design 

philosophy, detailing for regions around openings, design for impactive and impulsive loads, and 

quality assurance checks are other topics addressed by N690s1 [26]. 

2.2.2 AISC Design Guide 32 

In 2017, AISC published Design Guide 32 [10] to facilitate the design of SC walls for safety-

related nuclear facilities. The Design Guide: 

 Addresses SC walls that meet the requirements of Appendix N9 to AISC N690s1 [26] 

 Provides supplementary recommendations for the design of modular SC structures using 

the provisions of Appendix N9 

 Discusses the design of SC wall connections, including design philosophies and typical 

connection details 

 Presents illustrations explaining the tolerance requirements for construction and fabrication 

of SC walls 

AISC N690s1 provides procedural recommendations for the design of SC wall connections. The 

Design Guide addresses the design of connections in detail. Different connection philosophies, 

force transfer mechanisms, and types of connections are discussed with illustrations. The 

implementation of the provisions of Appendix N9 is illustrated using a design example, where an 

SC wall from a compartment of a typical safety-related nuclear facility is designed. The design of 

SC wall and SC wall-to-basemat connection is presented based on Appendix N9 provisions. 

SC Detailing Requirements 

SC walls have some non-ductile failure modes (e.g., faceplate buckling, splitting failure) that 

should not be the governing failure modes. AISC N690s1 [26] provides SC detailing provisions 
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that ensure that these failure modes do not govern the behavior of the SC walls. Bhardwaj et al. [9] 

discuss the basis of these SC detailing provisions. The detailing provisions include: 

a) the faceplate slenderness requirement (limits stud spacing to ensure faceplates yield in 

compression before buckling),  

b) requirements for composite action (limit stud spacing to ensure that the interfacial shear 

strength is greater than the out-of-plane shear strength, and the interfacial shear strength is 

greater than the yield strength of the faceplates), and 

c) shear reinforcement (tie) requirements to ensure that limit state of splitting or delamination 

failure is prevented (also based on the contribution of shear reinforcement to out-of-plane 

shear strength). 

2.3.1 Faceplate Slenderness Requirement 

When subjected to compressive stresses, the steel faceplates of SC walls can undergo local 

buckling between the steel anchors. This local buckling behavior of steel faceplates was 

investigated experimentally by Akiyama and Sekimoto [86], Usami et al. [87], Kanchi [88], Choi 

and Han [89], and Zhang [70]. These experimental studies evaluated the effects of the faceplate 

slenderness ratio—defined as the shear stud spacing, s, divided by the faceplate thickness, tp, and 

the yield stress, Fy, on local buckling of faceplates. Zhang et al. [1] summarized these experimental 

studies and conducted additional numerical analyses to confirm and expand the experimental 

database. Figure 2.3 shows the relationship between the normalized critical buckling strain, 

buckling strain/steel yield strain, εcr/εy, and the normalized faceplate slenderness ratio, s/tp×Fy/Es; 

where Es is the steel modulus of elasticity. As shown, εcr is reasonably consistent with Euler’s 

column buckling curve with partially fixed (K= 0.7) end conditions. Additionally, no data points 
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are located in the shaded region, which implies that yielding in compression occurs before local 

buckling for a normalized slenderness ratio less than 1.0. 

Based on this investigation, AISC N690s1 [26] limits the slenderness ratio-the width-to-thickness 

ratio of the faceplates- as given by Equation 2.1 (Equation A-N9-2 of AISC N690s1), where b is 

the largest unsupported length between rows of studs or ties. 

b Es 1.0     Equation  2.1  
t p Fy 

SC Wall Pier Behavior 

Since the SC wall construction for safety-related nuclear facilities in typically labyrinthine, 

majority of the research conducted for in-plane (lateral) response of SC structures was for SC walls 

with flanges. However, SC walls without boundary elements (SC wall piers) may have applications 

as shear walls in DOE type nuclear facilities and commercial construction. Kurt et al. [69], and 

Epackachi et al. ([67], [68]) conducted experimental and numerical studies to evaluate the in-plane 

response of SC wall piers. The out-of-plane response of SC wall piers will be similar to that of SC 

walls. The in-plane and out-of-plane behavior of SC wall piers are discussed in this section. 

2.4.1 In-plane Behavior 

As discussed in Section 1.1.1, the in-plane behavior of SC wall piers is different from that of  

labyrinthine SC walls. While the SC walls (with flanges) resist the in-plane flexure through the 

flanges and in-plane shear through the web, SC wall piers are subject to the combination of in-

plane moment and in-plane shear (since there are no flanges). Kurt et al. [69] and Epackachi et al. 

[68] conducted experimental and numerical studies to evaluate the in-plane shear behavior of SC 

wall piers. The authors tested eight SC wall pier specimens subjected to in-plane quasi-static cyclic 

loading. The experimental investigations focused on squat SC wall piers with aspect ratios ranging 
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from 0.6 to 1.0. In-plane response and failure mechanism for all the specimens was flexure 

controlled. The specimens underwent flexural cracking of infill concrete, followed by flexural 

yielding of faceplates at tension end (toe). Compression buckling at faceplate toe was observed 

after the faceplates yielded in tension and compression. The specimens failed in the inelastic cycles 

due to concrete spalling and crushing, and faceplate ductile fracture. While the in-plane flexure 

governed the behavior and failure mechanism of the specimens, corresponding in-plane shear was 

resisted by diagonal compression in concrete infill and horizontal shear stress in the faceplates. 

However, the shear did not govern the failure mechanism of the wall piers. 

Since the in-plane response of SC wall piers with aspect ratios greater than or equal to 0.6 was 

governed by their in-plane flexural behavior, the lateral load capacity of the wall piers can be 

estimated by the flexural capacity of the wall piers [69]. The authors developed design equations 

for SC wall piers based on the plastic moment (Mp) and the compression yield moment capacity 

(Myc, based on first compression yield of faceplates). 

The plastic moment capacity of the wall pier cross-section at base was calculated considering (a) 

full plastification of faceplates, and (b) rectangular stress block in concrete based on ACI 318 [90]. 

The stress blocks assumed are shown in Figure 2.4. The plastic neutral axis location, cp, from 

extreme compression fiber, and the plastic moment capacity, Mp, can be calculated by Equation 

2.2 and Equation 2.3 respectively [69], where lw is the length of the wall pier, tc is the thickness of 

concrete infill, f’c is the uniaxial compressive strength of concrete, and β1 is as defined in ACI 318 

[90]. 

'(2t  F l  ) / (4 p y  0.85 1 f t    Equation 2.2 cp  p y w  t F   c c ) 

' 20.851 fc ct cp2 2M p  F ty  p (lw  2l cw p  2cp )  Equation 2.3 
2 



 

 
 

    

 

   

  

   

  

   

 

 

   

    

 

27 

Kurt et al. [69] defined the yield moment capacity of the wall piers, Myc, as the moment 

corresponding to initiation of compression yielding of the faceplates. Since the faceplate 

slenderness requirement of AISC N690s1 [26] ensures that the faceplates will yield in compression 

before buckling, Myc can be used as a lower-bound estimate of the flexural strength of flexure-

controlled wall piers. The authors calculated Myc using lower bound theorem of plasticity, and 

admissible stress blocks shown in Figure 2.5. Faceplates were considered to undergo significant 

yielding and plastification in tension, and just reach yielding in compression. The concrete on the 

compression side was assumed to remain linear elastic, with concrete compressive stress limited 

to 0.70f’c. The neutral axis location, cyc, from extreme compression fiber, and the yield moment 

capacity, Myc, can be calculated by Equation 2.4 and Equation 2.5 respectively [69]. 

' cyc  (2t pF ly w ) / (4t pFy  0.35 fctc )     Equation 2.4 

4 0.70 f ' t c  2 
2 2 c c  yc  M yc  Fytp (lw  2lwcyc  cyc )   Equation 2.5

3 3 

Kurt et al. [69] developed benchmarked finite element models for all the wall pier specimens in 

commercial software packages LS-Dyna [91] and ABAQUS [92]. The authors conducted 

parametric studies to evaluate the influence of different aspect ratios (0.6, 0.75, 1.0, 1.5, and 3.0) 

and wall thicknesses (230, 305, and 457 mm) on the lateral load capacity of the wall piers. The 

parametric studies confirmed that SC wall piers (with aspect ratios greater than or equal to 0.6) 

failed in in-plane flexure. As the aspect ratio decreased, the base shear corresponding to lateral 

load capacity of the wall piers increased. While the base shear did not reach the yield strength of 

faceplates in shear (0.6FyAs, where As is the area of the faceplates), it did reduce the flexure 

capacity of the wall piers from Mp to Myc. 

Based on the experimental and analytical studies, the authors recommended that for wall piers with 

an aspect ratio equal to 0.5, the flexural capacity can be considered as equal to Myc. For aspect 



 

 
 

 

 

 

 

 

  

   

    

 

    

 

  

 

  

   

28 

ratios greater than or equal to 1.5, the flexural capacity can be considered to be equal to Mp. For 

aspect ratios between 0.5 and 1.5, the authors recommended linear interpolation for flexural 

capacity (between Mp and Myc) while accounting for wall thickness. The proposed equations 

compared favorably with experimental and analytical results. However, the validity of proposed 

equations was limited to the extent of parameters considered in experimental and analytical studies 

and needs to be verified for a wider range of parameters. 

2.4.2 Out-of-plane Behavior 

The out-of-plane shear force resisting mechanisms for SC walls (and wall piers) are similar to 

those for reinforced concrete beams, but with some differences [93]. Out-of-plane shear resistance 

is primarily provided by (a) concrete infill, and (b) shear reinforcement (ties) if provided. ACI 349 

[25] estimates the out-of-plane strength (Vn)  of the walls as  the  sum  of concrete (Vc) and shear 

reinforcement (Vs) contributions. Per ACI 349, the shear strength can be calculated using 

Equations 2.6 to 2.8 (in SI units), where ρw is the longitudinal tensile reinforcement ratio (tp/d for 

SC walls), Mu/Vud is the shear span-to-depth ratio, d is the beam section depth (wall thickness for 

SC walls), fyw is the shear reinforcement (ties) yield strength, and Av is the cross-sectional area of 

shear reinforcement (ties) at a spacing S. The equations are applicable for shear span-to-depth ratio 

larger than 1.0. Vc
ACI can also be calculated by a more commonly used expression, 

' '0.17 f A  (2 f A , in psi units) . Vs
ACI is considered only when shear reinforcement (ties) are c c  c c  

spaced at not greater than half the section thickness. 

ACI ACI ACI Vn  Vc Vs       Equation 2.6 

V dACI ' u 'Vc  (0.16 fc 17w )Ac  0.29 fc Ac  Equation 2.7
Mu 
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dACI 'V  A f  0.66 f b d Equation 2.8 s v yt  c w
S 

The out-of-plane shear strength equations in AISC N690s1 [26] are based on ACI 349 equations 

' 'with Vc reduced to 0.13 f A  (1.5 f A  , in psi units)  to account for size effects. Additionally, c c  c c  

AISC N690s1 permits the shear reinforcement to be spaced at greater than half the section 

thickness, in which case Vn is equal to the greater of Vc and Vs. For the series of experiments in 

this dissertation, ACI 349 equations were employed to calculate Vc, as those have been traditionally 

used by engineers and practitioners. 

Experimental investigations were conducted in Japan [46], S. Korea [57], China [94], and the US 

([93], [95]) to determine the out-of-plane shear behavior and strength of SC walls. Sener et al. [3] 

compiled the database of out-of-plane shear tests for SC walls. The authors used the experimental 

database to evaluate the conservatism of the ACI 349 equations in calculating the out-of-plane 

shear strength of SC walls. Figure 2.6 presents the experimentally observed out-of-plane shear 

strengths normalized with Vn
ACI. The normalized strengths are plotted against (a) shear span-to-

depth ratio and (b) section depth. The authors observed that out-of-plane shear strength decreases 

with the shear span-to-depth ratio, and the lower bound shear strength occurs for ratios in the range 

of 3.0-3.5. The strength also decreased with increased section depth. Additionally, it was observed 

that the ACI equations estimated the lower-bound out-of-plane shear strength of SC wall beam 

specimens reasonably (as seen in Figure 2.6). Sener et al. [65] also compiled the out-of-plane 

database of SC beam specimens without shear reinforcement and determined that Vc
ACI reasonably 

estimated the strength of unreinforced specimens. 

The out-of-plane flexure behavior of SC walls is governed by the faceplate limit state of flexural 

yielding (provided the specimen meets the faceplate slenderness requirements of AISC N690s1). 

Per AISC N690s1, the out-of-plane flexural capacity of the specimen can be calculated using 
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Equation 2.9 (Equation A-N9-18 in AISC N690s1), where As
F is the area of the faceplate in tension 

due to flexure, and tsc is the wall thickness. The commentary to out-of-plane flexural  strength 

section in AISC N690s1 states that the strength can also be calculated using provisions of ACI 349 

(Section 10.2) [25]. Sener et al. [2] compiled the experimental database for out-of-plane flexural 

strength for SC beams. The database comprised of experiments conducted in Japan [46], S. Korea 

[57], China [96], and the US [3]. In Figure 2.7, normalized experimental out-of-flexural capacity, 

Mexp, (normalized with Mn.ACI) is plotted against the section depth for all the specimens. The 

authors observed that ACI 349 provisions predicted the experimental strength accurately, but were 

marginally unconservative for some specimens.  

AISC FM n  Fy  As 0.9tsc      Equation  2.9  

SC Wall In-Plane Behavior 

For SC walls, in-plane flexure forces are primarily resisted by the boundary elements (flanges). 

In-plane shear forces are resisted primarily by the web of the wall (as shown in Figure 1.4). The 

in-plane shear behavior of SC walls was developed by Ozaki et al. [7] and extended by Varma et 

al. [6]. Varma et al. [8] developed and verified a mechanics-based model (MBM) for estimating 

the response of SC walls subjected to in-plane membrane normal forces (Sx and Sy) and in-plane 

membrane shear force (Sxy) per unit width. The model was employed to develop pure in-plane 

shear behavior of SC walls. Summary of the MBM application for pure in-plane shear is presented 

in Figure 2.8. Part a of the figure shows a unit width of the SC specimen (width equal to thickness, 

T) subjected to pure in-plane shear loading (Sxy). The membrane normal forces (Sx and Sy) are zero. 

The principal direction for pure shear case will be 45˚, and the principal stresses will be equal and 

opposite in magnitude. Figure 2.8b shows the principal stress distribution in concrete infill. The 



 

 
 

 

  

 

  

    

  

 

 

   

  

 

 

 

 

       

31 

concrete will crack in direction perpendicular to principal-1 (principal tension) direction when Sp1 

(principal tensile stress in direction principal-1) exceeds Scr (cracking threshold). Scr corresponds 

' to a concrete tensile stress, 2 fc (in psi units) . The cracking tensile stress is reduced to account 

for locked-in shrinkage strains, and slip between steel and concrete. Scr can be calculated using 

Equation 2.10 (in SI units). 

'0.17 fcScr  (Es As  Ec Ac )    Equation  2.10  
Ec 

Post-cracking, the concrete loses stiffness in principal tension direction (perpendicular to direction 

of cracking). The concrete stresses in xy plane can be obtained by using transformation matrices 

for stress (T) and strains (T) as shown in Figure 2.8c. The steel stress-strain relationship can be 

defined using plane stress stiffness matrix (as shown in Figure 2.8d). The strains (and then stresses) 

in steel and concrete infill can be calculated from Sxy by establishing force equilibrium for SC wall 

panel (as shown in Figure 2.8e). The principal stresses in steel faceplates can be used to calculate 

Von-Mises stress of steel. The in-plane shear force (Sxy
Y) corresponding to Von-Mises yielding of 

faceplates can then be calculated. 

Based on the MBM discussion, the in-plane behavior can be estimated as the tri-linear shear force– 

strain (Sxy-γxy) curve. The tri-linear curve  is shown in Figure 2.9. The in-plane behavior was 

idealized in 3 parts. 

(i) Before concrete cracking, where concrete and steel plates are elastic and perfect bond 

between them can be assumed. The stiffness corresponding to this branch (GAuncr) can 

be calculated using Equation 2.11. 

uncr GAuncr  Kxy  Gs As  Gc Ac Equation  2.11  
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(ii) Post-cracking but before faceplate yielding. Concrete cracks when Sxy exceeds Scr 

(calculated using Equation 2.10). The tangent stiffness for region 2, GAcr
TAN, can be 

calculated using Equation 2.12. The equation is based on MBM, considering 

orthotropic cracked concrete and plane stress steel properties. 

1TAN cr GAcr  Kxy  Ks  KSC  Gs As  Equation 2.12
4  2(1s )

0.7 c c  E AsE A s 

(iii) Post-yield, where faceplates undergo Von-Mises yielding. The in-plane shear strength 

(based on Von-Mises yielding of faceplates, Vn
MBM) can be calculated using Equation 

2.13. The equation is based on MBM. 

MBM Y Ks  Ksc  
n  xy  s yV  S   A F   Equation 2.13 

3Ks 
2  Ksc  

2 

The in-plane shear strength and stiffness requirements in AISC N690s1 [26] are based on the 

trilinear MBM developed by Varma et al. [8]. Per AISC N690, if the in-plane shear force demand 

is less than Scr, the effective stiffness is equal to GAuncr (as calculated in Equation 2.11). However, 

AISC N690s1 uses shear moduli instead of elastic moduli (in Equation 2.10) to calculate Scr. This 

will result in a lower value of cracking threshold force in comparison to the value obtained from 

MBM (Equation 2.10). If the in-plane shear force demand is greater than 2Scr, the effective in-

plane shear stiffness can be considered as GAcr. Per AISC N690s1, GAcr can be calculated using 

Equation 2.14 and Equation 2.15 and is calibrated to the secant stiffness for the tri-linear MBM. 

For in-plane force demands between Scr and 2Scr, effective shear stiffness can be linearly 

interpolated between GAuncr and GAcr
AISC. For accident thermal combinations, effective stiffness is 

considered to be cracked, irrespective of the magnitude of in-plane shear force. 

0.42AISCGAcr  0.5 Gs As Equation 2.14 



 

 
 

 

    

 

  

        

 

    

  

  

 

 

 

33 

 where,  

A F
  s y     Equation  2.15  

'12Ac fc 

The in-plane shear strength of SC walls per AISC N690s1 can be calculated using Equation 2.16 

and Equation 2.17. Equation 2.16 is calibrated to the in-plane shear force corresponding to Von-

Mises yielding of faceplates (based on MBM, Equation 2.13) where κ is the calibration factor 

calculated using Equation 2.17. 

AISC Vni  Fy As Equation  2.16

 where,  

 1.115.16 1.0     Equation  2.17  

Seo et al. [66] compiled an experimental database of the in-plane shear tests conducted in Japan, 

S. Korea, and the US ([6], [7], [45], [97]–[99]). The authors observed that the in-plane shear 

strength of the wall (normalized with Agf’c) increased linearly with faceplate reinforcement ratio. 

A comparison of experimentally observed in-plane shear strengths with Vni
AISC indicated that the 

in-plane strength of SC walls can be conservatively estimated by using AISC N690s1 [26] 

provisions. 

Booth et al. [100] proposed that the SC walls would have additional in-plane strength post the 

Von-Mises yielding of faceplates. The additional post-yield shear resistance is provided by the 

concrete compression strut (concrete arch action) that anchors into the boundary elements. The 

reserve strength would depend on the additional force resisted by concrete in diagonal compression, 

which in turn would depend on the strength of the boundary elements and the strength of the 

connection between the wall (web) and boundary elements. 
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Thermal Loading 

Safety-related nuclear facilities need to be designed for load combinations considering operating 

and accident thermal loading (from postulated high-energy pipe break scenarios) ([26], [25]). 

Operating thermal loads are a consequence of the normal operation of the facility and include 

thermal loads associated with changes in ambient and weather conditions for exposed surfaces of 

walls. Operating thermal loads typically develop over a long duration of time (several days of 

operation) and consequently produce steady-state temperatures with linear variation through the 

thickness of the walls. The surface temperatures of the walls are same as the ambient air  

temperature within the respective compartment. Typically, no concrete cracking is associated with 

these steady-state temperatures and linear variations through the thickness of the wall. The thermal 

accidents may subject structures to accident pressure and accident temperature loading. These 

loadings result in thermal deformations. Restraints to thermal deformations may produce 

significant stresses and forces, which may need to be considered in the design. Since this 

dissertation evaluates the effect of accident temperature loading on the in-plane response of SC 

walls, research and code provisions for accident temperature loading are discussed in this section. 

Thermal-hydraulic analyses are conducted to simulate the effects of high-energy pipe break events. 

The results include the temperature histories (T-t plots) for exposed surfaces of the walls. These 

temperature histories (surface T-t plots) define the accident temperature loads for structural 

analysis and design. Sener et al. [101] identified typical accident temperature-time histories for the 

containment internal structure (CIS) nuclear power plants (NPPs) using envelopes of T-t  from  

publicly available Design Control Documents ([102], [103]). Envelope temperature-time histories 

were obtained for each major NPP compartment; e.g., reactor cavity, steam generator, refueling 

water storage pit (RWSP), containment walls. The envelope T-t histories for these compartments 

are presented in Figure 2.10 to Figure 2.13. As shown, a thermal accident results in a steep increase 
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in the surface temperatures to peak value (typically around 140˚C to 180˚C), followed by cooling 

due to dissipation of heat throughout the CIS. The elevated temperatures are typically sustained 

over several days (approximately 15 days), but the curves were cut-off at 14 hours for clarity. 

The accident event may subject the two surfaces of a wall to slightly different temperature 

histories. For example, Figure 2.14 shows idealized but representative temperature histories (T-t 

curves) for the surfaces (exterior and interior) of a compartment open at the top and subjected to 

high-energy pipe break event [104]. As shown, both surfaces of the walls have slightly different 

temperature histories, and the interior surface temperature leads the exterior surface temperature 

for a few hours. Figure 2.15 shows the T-t history zoomed into the first 10 hours after the accident. 

The inner surface temperature increases to 149˚C (300˚F) from the operating temperature 38˚C 

(100˚F) over the first 10 to 20 minutes of the event. The outer surface also reaches the peak 

temperature in about 3 hours, and the accident energy spreads. The temperatures reduce to about 

100˚C over the next day (24 hours), and then reduce slowly to about 80˚C over the next ten days 

(240 hours). The specific details of the T-t curves will vary depending on the details of the 

compartment and the accident event. 

The temperature histories (T-t curves) for various sections through the thickness of the wall, and 

the temperature profiles through the thickness of the wall at different times are calculated by 

performing heat transfer analysis through the cross-section. The steel faceplates may be 

considered, or conservatively ignored for heat-transfer analysis. For example, Figure 2.16 shows 

sample temperature profiles that were calculated through the thickness of a 1.22-m (48 in.) thick 

SC wall subjected to the surface temperature histories (T-t curves) shown in Figure 2.14. The 

temperature histories (T-t curves) for points through the thickness were obtained by performing 

heat transfer analysis using the heat conduction equation (heat loss through convection or radiation 
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was not considered) and concrete thermal and material properties (from [105], thermal and 

mechanical properties for steel and concrete are discussed in detail in the following section). The 

thermal gradient through the wall thickness is significantly nonlinear for several hours (almost up 

to one day) after the event. The temperatures become relatively uniform through the thickness after 

several (three to four) days. Specific details of the thermal gradients and their evolution over time 

will depend on the details of the wall and the surface temperature histories (T-t curves) generated 

by the accident event. 

Based on the discussion in this section, typical accident temperatures for NPPs are around 150˚C. 

A high non-linear gradient exists through the cross-section of walls for initial few hours post the 

accident. Non-linearity of the thermal gradient reduces as time since the accident increases. Higher 

magnitudes of temperatures (up to around 225 ˚C) and higher accident durations maybe expected 

for Small Modular Reactors (SMRs) and Advanced Light Water Reactors (ALWRs) due to their 

small constrained spaces. 

2.6.1 Material Behavior 

Thermal and mechanical properties of steel and concrete will be influenced by accident 

temperatures. Significant research has been conducted for evaluating the change in thermal and 

mechanical properties of steel and concrete at elevated temperatures (typically for fire loading) 

([106]–[115]). The research includes experimental evaluations, and comparisons with existing 

code provisions for fire design in the US ([116]–[118]) and Europe [119] However, the fire 

temperatures (up to 1100˚C) are significantly higher than typical accident temperatures (up to 225 

˚ C). The material properties are not expected to change drastically for typical accident 

temperatures. Therefore, the research on fire-related material behavior is not discussed in this 

section. Instead, the AISC N690s1 [26] and Eurocode 3 [119] provisions for material properties 
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for the range of typical accident thermal temperatures are discussed and compared. Magnitude of 

change in the material properties will provide insight into the contribution of material behavior in 

structural response to combined seismic and thermal loading. 

2.6.1.1 Steel 

Temperature-dependent thermal and mechanical properties (for fire loading) are presented in 

Eurocode ([119]). Temperature-dependent properties in AISC N690s1 [26] are consistent with 

Eurocode properties. The density of steel is considered to be independent of temperature. 

2.6.1.1.1 Coefficient of Thermal Expansion 

The coefficient of thermal expansion of steel (αsteel) increases marginally for the range of accident 

thermal temperatures (Figure 2.17). Per Eurocode, the increase is about 20% as the temperature 

changes from ambient (20˚C) to 300˚C. For temperatures above 66˚C, AISC N690s1 recommends 

the αsteel value of 1.4x10-5/˚C (Eurocode also permits this value for simple calculations). 

2.6.1.1.2 Specific Heat Capacity 

Specific heat capacity of steel increases for the range of accident thermal temperatures (Figure 

2.18). Per Eurocode, the increase in about 30% as the temperature changes from ambient (20˚C) 

to 300˚C. For simple calculations, Eurocode recommends a specific heat value independent of the 

steel temperature (600 J/Kg/K). However, this value is on the higher end for accident thermal 

temperature ranges (as seen in Figure 2.18). 

2.6.1.1.3 Thermal Conductivity 

The thermal conductivity of steel decreases for the range of accident thermal temperatures (Figure 

2.19). Per Eurocode, the decrease is about 20% as the temperature changes from ambient (20˚C) 

to 300˚C. For simple calculations, Eurocode recommends a thermal conductivity value 
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independent of the steel temperature (45 W/m/K). However, this value is on the lower end for 

accident thermal temperature ranges (as seen in Figure 2.19). 

2.6.1.1.4 Uniaxial Stress-strain behavior 

Eurocode provides a series of equations to determine the temperature-dependent uniaxial stress-

strain relationships for steel. Retention factors that vary with increase in temperatures are provided 

to adjust the ambient stress-strain curves. Similar retention coefficients (consistent with Eurocode) 

are provided in AISC N690s1. Figure 2.20 presents the temperature dependent steel stress-strain 

relationship for typical accident temperatures (for measured Fy of 393 MPa). For accident 

temperature range, the yield and tensile strength values are not reduced. However, a non-linearity 

is introduced into the stress-strain curve just before the yielding plateau, and this non-linearity 

increases with the increase in temperature. The modulus of elasticity of steel reduces by about 20% 

as steel temperature increases from ambient (20˚C) to 300˚C. 

2.6.1.2 Concrete 

Effect of temperatures on the thermal and mechanical properties of concrete depends on the type 

of concrete (light-weight or normal-weight) and aggregates (calcareous or siliceous). The values 

for normal-weight concrete, with siliceous aggregates, are discussed in this section. 

2.6.1.2.1 Density 

The density of concrete reduces marginally for the range of accident thermal temperatures (Figure 

2.21). The density does not change up to temperatures of about 100˚C. The reduction in density 

for higher temperatures is due to loss of evaporable water (up to 150˚C) followed by chemically 

bound water (200˚C and above). The reduction in density for temperatures up to 300˚C is about 

2.5%. 
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2.6.1.2.2 Coefficient of Thermal Expansion 

The coefficient of thermal expansion of concrete (αconcrete) increases significantly for the range of 

accident thermal temperatures (Figure 2.22). Per Eurocode, the increase is about 40% as the 

temperature changes from ambient (20˚C) to 300˚C. For temperatures above 66˚C, AISC N690s1 

recommends the αconcrete value of 1.8x10-5/˚C (the Eurocode also permits this value for simple 

calculations). However, the value is on the higher end for typical accident temperatures. 

2.6.1.2.3 Specific Heat Capacity 

The specific heat capacity of concrete depends on the moisture content. For oven dried concrete, 

the change in specific heat for typical accident temperatures is marginal (Figure 2.23, w/o moisture 

effect). When moisture effect is considered, the specific heat almost doubles for temperature range 

of 100˚C to 200˚C. Per Eurocode, the increase in dry specific heat in about 15% as the temperature 

changes from ambient (20˚C) to 300˚C. For simple calculations, Eurocode recommends a dry 

specific heat value independent of the concrete temperature (1000 J/Kg/K). The recommended 

value is close to the average for accident thermal temperature ranges (as seen from Figure 2.23). 

2.6.1.2.4 Thermal Conductivity 

The thermal conductivity of concrete decreases for the range of accident thermal temperatures 

(Figure 2.24). Per Eurocode, the decrease is about 30% as the temperature changes from ambient 

(20˚C) to 300˚C. For simple calculations, Eurocode recommends a thermal conductivity value 

independent of the concrete temperature (1.6 W/m/K). The recommended value is close to the 

average for accident thermal temperature ranges (as seen from Figure 2.24). 
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2.6.1.2.5 Uniaxial Compression Stress-Strain Behavior 

Eurocode provides a series of equations to determine the temperature-dependent uniaxial 

compression stress-strain relationships for concrete. Retention factors that vary with increase in 

temperatures are provided to adjust the ambient stress-strain curves. Similar retention coefficients 

(consistent with Eurocode) are provided in AISC N690s1. Figure 2.25 presents the temperature 

dependent concrete stress-strain relationship for typical accident temperatures (for measured f’c of 

40 MPa). Unlike steel, the concrete compression strength reduces considerably for accident 

thermal temperature range. While there is no reduction for temperature of 100˚C, the compressive 

strength reduces by 5% for 200˚C, and by 15% for 300˚C. Additionally, the reduction in initial 

modulus of elasticity is higher for concrete than that for steel. The modulus of elasticity of concrete 

reduces by about 40% as concrete temperature increases from ambient (20˚C) to 300˚C. 

2.6.1.2.6 Uniaxial Tensile Strength and Fracture Energy 

Eurocode permits the tensile strength to be conservatively assumed as zero. However, if tension 

strength is considered, it should not exceed the values based on CEB-FIP model code [120]. 

However, the available data show that tensile strength reduces with increasing temperatures more 

rapidly than compressive strength [108]. Bazant and Prat [115] indicated that the fracture energy 

of concrete reduces with temperature. In the absence of Eurocode recommendations, Selden [30] 

obtained the reduction in tensile strength, fracture energy, and rupture strain based on the reduction 

in concrete compressive strength for accident thermal temperatures. The reduction in tensile 

strength and fracture energy was marginal for typical accident temperatures. 

2.6.2 Structural Behavior 

Operating thermal loads produce linear thermal gradients through the thickness of the structural 

element. These temperature changes induce thermal deformations due to expansion (or contraction) 
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of the concrete and steel materials in the structural member. If these thermal deformations are 

restrained by end conditions or connected members, restraining forces are induced in the structural 

elements. If these restraining forces are membrane tension, concrete will crack, relieve these forces 

and undergo the associated thermal deformation. If the restraining forces are membrane 

compression, they will be resisted by the concrete and steel together. If these restraining forces are 

membrane shear, out-of-plane shear, or out-of-plane flexure, there will be some concrete cracking, 

but the restraining forces will not be relieved. The restraining forces will depend on stiffness of 

the member subjected to thermal loads and the relative stiffness of the restraining member or 

structure. 

The structural behavior of walls subjected to accident thermal loading can be complicated and 

variable over the duration of the event. As discussed previously, during the first few hours (up to 

one day) of the accident, structural members are subjected to significantly nonlinear thermal 

gradients over the thickness. These nonlinear thermal gradients induce significant concrete 

cracking due to internal or self-restraint. This is illustrated in Figure 2.26, which shows the 

qualitative behavior of an SC wall cross-section subjected to nonlinear thermal gradient (ΔT). 

Thermal strains (εth) are calculated directly as the thermal expansion coefficient (α) multiplied by 

ΔT. As a result, thermal strains have the same nonlinearity as the thermal gradient. Since plane 

sections remain plane, total strains (εtot) vary linearly over the thickness, which produces internal 

or self-restraint. Mechanical strains (εmech) are  equal  to the total strains (εtot) minus the thermal 

strains (εth). As shown in Figure 2.26, a significant portion of the member thickness is subjected 

tensile mechanical strains, which causes cracking of the concrete. The total strains (εtot), which 

depend on the centroidal strain (εcen) and curvature (φ), can be calculated by establishing force 

equilibrium over the cross-section. Thus, during the first few hours (up to one day) of the accident 
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event, there is significant cracking through the thickness of the concrete member due to self-

restraint. 

After the first few hours (up to one day) of the accident, the thermal gradients become relatively 

uniform through the thickness as shown in Figure 2.16. The concrete cracks, produced during the 

first few hours due to self-restraint, may close due to the uniformity of the temperatures through 

the thickness. The uniform temperatures are lower than the maximum values reached earlier. 

However, the concrete will never regain its uncracked stiffness for mechanical loads. In the rare 

situation of the thermal expansion being fully restrained, there will be no concrete cracking, even 

for the case with nonlinear thermal gradients. The membrane axial compression associated with 

full restraint will be equal to the integration of the thermal stresses (E εth) over the member area. 

This structural response to thermal loads was numerically validated by Bhardwaj et al.[104], by 

subjecting 1.22 m (48 in.) thick RC wall structures to idealized T-t curves. The response was also 

experimentally verified for RC structures by studies conducted by Vecchio and Sato [121] on RC 

portal frame structure that was subjected to surface temperatures up to 80°C from one side. The 

experimental results demonstrated that the internal forces, strains and deformations (demands) 

induced by thermal loading were maximized shortly after the peak surface temperatures were 

attained when the nonlinearity in the thermal gradient was greatest. The thermally induced 

demands gradually reduced as the through-depth thermal gradient became uniform with continued 

heating. The test results also verified that thermally induced concrete cracking was observed in the 

externally unrestrained sections of the portal frame due to the internal restraints acting against 

thermal expansion caused by the nonlinear gradient. The mechanical load test results performed 

following the thermal load showed that the frame response was in accordance with the cracked 

section stiffness, and uncracked section stiffness overestimated the response significantly. 
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Recently, Kitajima et al. [122] carried out experimental and numerical studies on the seismic 

behavior of SC walls subjected to accident thermal loading. The researchers conducted tests of SC 

wall specimens that failed in in-plane shear mode. The tested specimens were 1/7 scale SC walls. 

The specimens had a wall thickness of 285 mm, steel faceplate thickness of 2.3 mm, and end 

(flange) plate thickness of 22 mm. The test results showed that the lateral load capacities of the 

specimens were reduced by 15-25% due to the thermal loading. Additionally, significant reduction 

(up to 50%) in the pre-yielding stiffness response was observed due to the thermal loading. 

Chapter Summary 

This chapter presented the SC construction and research history and background. SC related 

research conducted in the US and other countries was enlisted. US code provisions for design of 

modular SC walls were discussed (AISC N690s1 and AISC DG 32). Existing research relevant to 

the topic of this dissertation was discussed in detail. In-plane and out-of-plane behavior of SC wall 

piers was discussed. In-plane behavior of SC walls was presented. Typical accident thermal 

temperatures and results for thermal analysis were mentioned. The chapter then discussed the 

existing code provisions for material (steel and concrete) response to typical accident temperatures. 

Fundamentals of structural response to typical thermal loads were described, supplemented by 

existing numerical and experimental studies. 
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Figure 2.1 Typical structural wall module in AP1000 plant (from [102]) (©Westinghouse 
Electric Company, LC. All rights reserved). 

Figure 2.2 Example of large preassembled module in AP1000 plant (from [102]) 
(©Westinghouse Electric Company, LC. All rights reserved). 
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Figure 2.3 Relationship between buckling strain and normalized slenderness ratio, K=0.7 (from 
[9]) 
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Figure 2.4 Stress distribution assumed in faceplates and concrete infill of SC wall piers for 
calculation of plastic moment capacity, Mp (from [33]) 

Figure 2.5 Stress distribution assumed in faceplates and concrete infill of SC wall piers for 
calculation of yield moment capacity, Myc (from [33]) 
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a) Variation with shear span-to-depth ratio 

b) Variation with section depth 

Figure 2.6 Normalized out-of-plane shear strengths (from [3]) 
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Figure 2.7 Normalized experimental out-of-plane flexural strength (from [2]) 
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Figure 2.8 Summary of in-plane shear behavior theory (from [8]) 
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Figure 2.9 MBM based in-plane shear force-shear strain behavior tri-linear model (from [26]) 

Figure 2.10 Envelope Temperature-time (T-t) history for Reactor Cavity (based on [102], [103]) 
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Figure 2.11 Envelope Temperature-time (T-t) history for Steam generators (based on [102], 
[103]) 

Figure 2.12 Envelope Temperature-time (T-t) history for RWSP (based on [102], [103]) 
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Figure 2.13 Envelope Temperature-time (T-t) history for Containment Wall (based on [102], 
[103]) 

Figure 2.14 Idealized Temperature-time (T-t) history for compartment surfaces 
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Figure 2.15 Idealized Temperature-time (T-t) history for compartment surfaces (zoomed in to 
first 10 hours) 

Figure 2.16 Through thickness temperature contours at different time steps 
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Figure 2.17 Variation of steel coefficient of thermal expansion with temperature (based on [26], 
[119]) 

Figure 2.18 Variation of steel specific heat with temperature (based on [119]) 
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Figure 2.19 Variation of steel thermal conductivity with temperature (based on [119]) 

Figure 2.20 Temperature-dependent stress-strain relationship for steel (based on [26], [119]) with 
measured Fy of 393 MPa 
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Figure 2.21 Variation of concrete density with temperature (based on [119]) 

Figure 2.22 Variation of concrete coefficient of thermal expansion with temperature (based on 
[119], [26]) 
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Figure 2.23 Variation of concrete specific heat with temperature (based on [119]) 

Figure 2.24 Variation of concrete thermal conductivity with temperature (based on [119]) 
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Figure 2.25 Temperature-dependent compression stress-strain relationship for concrete (based on 
[26], [119]) with measured f’c of 40 MPa 
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Figure 2.26 Concrete cracking due to through-thickness thermal gradient 
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3. SC WALL PIERS SUBJECTED TO BIAXIAL LOADING: DESIGN OF 
EXPERIMENTS 

This chapter presents the design of experiments for SC wall piers subjected to biaxial loading (in-

plane and out-of-plane forces and moments). Experimental program was developed based on the 

observed behavior of SC wall piers for individual loadings (discussed in Chapter 2). The specimens 

were designed to meet the detailing requirements of AISC N690s1 [26]. 

The chapter is organized into following sections. 

 Design of Test Matrix: The specimen details and the basis for selecting the parameters to 

be varied are discussed in this section. 

 Design of Test Setup: This section presents the details of the test setup and the basis of the 

design. 

 Instrumentation of Specimens: The types of instrumentation used, and the measurements 

recorded for the experiments are discussed in this section. 

 Construction Sequence: This section presents the procedure and sequence followed for 

fabrication and construction of the specimens and the test setup. 

 Testing Procedure: Finally, the procedure followed for testing of the specimens is  

discussed. 

Design of Test Matrix 

Specimen details (Table 3.1) and out-of-plane loading details (Table 3.2) were based on the 

behavior of SC wall piers when subjected to uniaxial loading. The details were finalized based on 

preliminary numerical analysis presented in Bhardwaj et al. [123]. The effects of variation of 

parameters and the resulting changes in behavior were studied using benchmarked models 
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developed in LS-DYNA [91] by Kurt et al. [69]. These analyses indicated that the location of out-

of-plane force governs the in-plane capacity of the SC wall piers. As the height of the out-of-plane 

loading location increases, the corresponding out-of-plane moment becomes large and dominates 

the overall response. In order to investigate the effects of out-of-plane shear and in-plane shear, 

the out-of-plane loading location should be kept within a shear span-to-depth ratio of 1 to 2 [123]. 

Hence, the point of application of out-of-plane loading was kept constant at 457 mm (18 in.) from 

the base for all specimens, resulting in a shear span-to-depth ratio of 1.5. The parameters varied in 

the experiments were: i) magnitude of the out-of-plane force applied, and ii) tie spacing.  

Table 3.1 shows the specimen details for the experimental investigations. The table presents the 

specimen height (h), length (lw), thickness (T), faceplate thickness (tp), tie diameter (dtie), aspect 

ratio (h/lw), reinforcement ratio (2tp/T), stud spacing (s/T), faceplate slenderness ratio (s/tp), tie 

spacing (S/T), and day-of-test yield strengths for ties (Fyt) and faceplates (Fy), and compressive 

strength for concrete (f’c). The specimen height-to-length ratio was kept equal to 0.6 in order to 

maximize the shear contribution of the wall pier as recommended by Kurt et al. [69]. The 

specimens were 305 mm (12 in.) thick (1/3 to 1/4 scale of typical SC walls in nuclear facilities), 

made with 4.8 mm (3/16 in.) steel faceplates, resulting in a plate reinforcement ratio of 0.031. Steel 

faceplate thickness was set at 4.8 mm because it is the smallest plate thickness in the structural 

plate category. Smaller thicknesses result in sheet metal properties and associated waviness 

imperfections which are not representative of the actual structure. Faceplate slenderness ratio was 

designed to meet the limit recommended by AISC N690s1 [26] to develop faceplate yielding in 

compression before local buckling, based on Zhang et al. [1]. Figure 3.1 presents the stud and tie 

layout for specimens SC-T-Vn, SC-T-2.5Vn, and SC-0.5T-Vn. Control specimen (SC-T-C), 

specimen SC-T-Vn and specimen SC-T-2.5Vn had tie spacing (S) equal to the wall pier thickness 
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(T), which is representative of containment internal structures. Specimen SC-0.5T-Vn had tie 

spacing equal to half the wall pier thickness, 0.5T. 

Table 3.2 presents the out-of-plane loading details of the specimens. The table shows the ACI 349 

[25] based out-of-plane shear strength (Vn
ACI), AISC N690s1 [26] based out-of-plane flexural 

strength (Mn
AISC), the ratio of applied out-of-plane shear (Voop) with Vn

ACI, and the ratio of resulting 

out-of-plane moment at base (Moop) with Mn
AISC. For specimens with ties spaced at T, Vn

ACI will be 

equal to concrete contribution, Vc [ 2 f A  (in psi units), where Ac is the concrete cross-sectional ' c c  

area]. For specimens with ties spaced at 0.5T, Vn
ACI will be equal to the sum of concrete  

contribution, Vc, and steel contribution, Vs [AstfytT/S, where Ast is the area of ties within spacing S]. 

Control specimen (SC-T-C) was not subjected to any out-of-plane (OOP) loading. Specimens SC-

T-Vn and SC-0.5T-Vn were subjected to out-of-plane load (Voop) of magnitude approximately 

equal to the out-of-plane shear strength, Vn
ACI. For SC-T-Vn, Voop resulted in a base out-of-plane 

moment (Moop) equal to 0.37 times the out-of-plane moment capacity (Mn
AISC) per AISC N690s1. 

For SC-0.5T-Vn the resulting Moop was equal to 0.74Mn
AISC. Specimen SC-T-2.5Vn was subjected 

to an out-of-plane force of magnitude about 2.5Vn
ACI (to force the specimen to fail in vector shear). 

Comparison of results from specimens SC-T-C and SC-T-Vn, SC-0.5T-Vn and SC-T-2.5Vn will 

present the effect of out-of-plane loading and tie spacing on the in-plane capacity of the wall pier. 

The results from specimens SC-T-Vn and SC-T-2.5Vn will be compared to evaluate the influence 

of the magnitude of the out-of-plane shear force on the in-plane behavior of the wall pier. 

Design of Test Setup 

Setup for the experiments was designed based on the specimen details, design in-plane capacity of 

the specimens, and the magnitude of out-of-plane load to be applied. Figure 3.2 presents the 3D 
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rendering of the test setup with all the components of the test setup. The test assembly with the 

specimen installed is presented in Figure 3.3. The setup can be categorized as follows. 

In-Plane Loading: Cyclic in-plane loading was applied by two double acting hydraulic rams 

(Enerpac RR50012). The hydraulic rams were each capable of exerting a force of magnitude 565 

ton (1130 kips) in push and 314 ton (628 kips) in pull. South end of the rams was connected to an 

in-plane built-up section through a set of clevises (South Clevis Part North and South Clevis Part 

South). The in-plane built-up section was post-tensioned to the strong wall using dywidag bars. 

North end of the in-plane rams was connected to in-plane loading beams through another set of 

the clevises (North Clevis Part North and North Clevis Part South). The in-plane loading beam 

applied the load through end bearing and bearing at the holes in the specimens. Since the specimens 

were to be subjected to combined in-plane and out-of-plane loading, the clevises needed to 

accommodate deformations in orthogonal directions to prevent any bending stresses in the rams. 

The clevises were designed and fabricated to accommodate this orthogonal displacement by press-

fitting spherical bearings into the clevis holes. Fabrication of the clevises is shown in Figure 3.4. 

Figure 3.4d shows the clevis with press-fit spherical plain bearings. The spherical plain bearing 

permits the rotation of the pin that connects two parts of the clevis arrangement, thus enabling 

orthogonal deformation of the specimens without stressing the rams. 

Out-of-plane Loading: Out-of-plane loading was applied by one double acting hydraulic ram 

(Enerpac RR50012). West end of the ram was connected to an HSS shape through a set of clevises 

(OOP Clevis West). The HSS shape was braced to the strong floor and bolted to the out-of-plane 

built-up section. The out-of-plane built-up section was post-tensioned to the strong wall. East end 
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of the actuator was connected to out-of-plane loading beams through a set of clevises (OOP Clevis 

East). Stiffness of the out-of-plane loading beams was designed to apply the out-of-plane load 

uniformly across the length of the specimen. The out-of-plane beams had half-round shapes at the 

end in contact with the specimens to accommodate the out-of-plane rotation of the specimens. The 

beams were post-tensioned together to keep them in contact with the specimen. Figure 3.5 shows 

the fabricated out-of-plane loading beams and the out-of-plane wall box. 

Foundation Block and Specimen Connection: The specimens (faceplates without concrete infill) 

were welded to a re-usable base plate that was centered on top of the foundation block. The 

faceplate to baseplate connection was designed to be stronger than the wall pier, and limited 

inelastic action to the wall pier. Details for faceplate-to-baseplate weld are presented in Figure 3.6. 

The faceplates were prefabricated with a transfer bar welded at the base. The transfer bar was 25.4 

mm wide, 38 mm deep (with a 45-degree bevel), and 1524 mm long. The baseplate was 1524 mm 

long, 543 mm wide, and 25 mm thick. The baseplate had three rows of 9.5 mm diameter shear 

studs on the top surface to transfer the forces from concrete infill to the baseplate. The baseplate 

was anchored to the foundation using 85 A706 19 mm dia. (#6) rebars that were 1195 mm long. 

The rebars were attached to the baseplate using Lenton C3J couplers. The foundation block was 

post-tensioned to the strong floor. Figure 3.7 presents the plan view of the foundation and baseplate. 

Instrumentation of Specimens 

Table 3.3 and Table 3.4 present the measurements taken for in-plane and out-of-plane direction 

respectively. The basis of the measurements and the instrumentation used to take the 

measurements are discussed in the tables. Instrumentation layout for the specimens is presented in 

Figure 3.8, Figure 3.9, and Figure 3.10. Displacement sensors (SPs in Figure 3.8 and Figure 3.9) 
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were used to measure the in-plane and out-of-plane displacement of the top and bottom of the wall 

pier. The displacement measurements were used to obtain the in-plane force-displacement 

response of the specimen, in-plane base slip corrections, and out-of-plane drift and twisting of the 

specimens. Rotation meters were installed at the base of the wall pier in the in-plane (CM1) and 

out-of-plane (CM3) direction. Another rotation meter was installed at mid-height of the specimen 

to observe the out-of-plane rotation at mid-height (CM2). The out-of-plane rotations were used to 

obtain curvature in the out-of-plane direction. The in-plane rotation data was used to apply base 

rotation corrections to in-plane displacement. Strain gauges were installed on the faceplates to 

observe the behavior of faceplates (flexural or shear strains, buckling, yielding) for out-of-plane 

and in-plane loading. Strain gauge layout for East faceplate is shown in Figure 3.10. The same 

strain gauge layout was used for West faceplate. Strain gauges were also installed on the corner 

ties to measure the tensile stresses in ties. Concrete cracks were monitored visually. 

Construction Sequence 

Faceplates were fabricated with holes for tie locations, and for threaded bars that connect the in-

plane loading beam to the SC wall. These locations are presented in Figure 3.1. The fabricated 

faceplates also had the beveled transfer bar welded to the bottom (details shown in Figure 3.6). 

Shear studs were then welded to the faceplates. Figure 3.11 shows the faceplate after the studs had 

been welded, and before assembling the two steel faceplates to form the empty steel assembly. The 

beveled transfer bar welded to the bottom of the faceplate, and the holes at tie locations are also 

visible in the figure. The faceplates (with studs welded) were then assembled together using ties. 

Figure 3.12 presents the steel assembly before welding the faceplates to the baseplate. Steel pipes 

were tack-welded to faceplates to leave slots for the threaded bars that connect the in-plane loading 

beam to the SC specimen. The figure also shows the backup bar tack-welded to the transfer bar at 
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the bottom of the faceplates. The faceplates had some initial imperfection (out-bow), which was 

reduced using the arrangement shown in the figure. The arrangement was removed after the steel 

assembly was tack-welded to the baseplate. Figure 3.13 shows the steel assembly after the 

faceplates were welded to the baseplates, using flux-cored gas-shielded (Ar-CO2 gas) arc welding 

technique with 483 MPa (70-ksi) electrode wire. The welding was done in multiple passes, with 

each new pass beginning at the center of the wall. Figure 3.14 shows the steel assembly before 

concrete casting. Side plates were tack-welded to the faceplates to serve as formwork for the  

concrete pour. The side plates were also used during the welding of the baseplate to the faceplates, 

to limit the out-of-plane expansion of the faceplates due to weld-heat. The side plates were 

removed after the concrete had cured and gained sufficient strength (approximately 5 days after 

concrete casting). 

Testing Procedure and Loading Protocol 

Figure 3.15 presents the loading protocol for specimens subjected to biaxial loading. Control 

specimen was subjected to just the in-plane loading protocol. The out-of-plane loading was applied 

in force control with five incremental cycles until the desired out-of-plane force (Voop) was 

achieved (with exception of Specimen SC-T-Vn, where two incremental cycles were applied). 

Out-of-plane loading was then maintained constant and the specimen was subjected to incremental 

cyclic loading in the in-plane direction. The in-plane load was applied in load control for elastic 

cycles, and in displacement control for post-yield cycles. The in-plane cyclic loading history is 

similar to the ATC-24 [124] guidelines for cyclic testing of components of steel structures. Two 

elastic cycles were conducted under load control at each lateral load level of 0.25Py, 0.50Py, and 

0.75Py, where Py is the expected in-plane load corresponding to compression yield moment (VMyc, 

based on [69]). For specimens SC-0.5T-Vn and SC-T-2.5Vn, Py was scaled to account for the 
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effect of out-of-plane loading, based on Bhardwaj et al. [123]. Secant flexural stiffness (Ksec) of 

the specimen during the first 0.75Py cycle was used to calculate the yield level lateral displacement 

(∆y). Ksec was calculated using the average of the recorded lateral displacements at the top of the 

specimen during the first 0.75Py North and South half-cycles. The yield level lateral displacement 

(∆y) was estimated as Py divided by Ksec. The inelastic cycles were conducted under displacement 

control at lateral displacement levels of 1.0∆y, 1.5∆y, 2.0∆y, 3.0∆y. Testing was continued until the 

specimen failed due to concrete crushing or fracture of the faceplates, or until the lateral load 

resistance reduced to 50% of the lateral load capacity. 

Chapter Summary 

This chapter discussed the design of experiments for SC wall piers subjected to combined in-plane 

and out-of-plane loading. The test matrix was designed to evaluate the effect of magnitude of out-

of-plane loading, and tie spacing on the in-plane response of wall piers. Four SC wall pier 

specimens were tested. One control specimen (with no out-of-plane loading) and three biaxially 

loaded specimen were tested. Test setup was designed based on the magnitude of out-of-plane 

force and expected in-plane strength of the specimens. Clevises with press-fit spherical plain 

bearings were designed and fabricated to enable orthogonal deformations of the specimens without 

resulting in stresses in the loading rams. The test measurements recorded, the basis, purpose, and 

type of instrumentation employed for the measurements are discussed. The fabrication and 

construction sequence of the test setup and specimens is described. Finally, the chapter presents 

the loading protocol followed for the experiments. Biaxially loaded specimens were subjected to 

incremental cyclic out-of-plane loading till the desired out-of-plane force magnitude was achieved. 

The out-of-plane force magnitude was then maintained, and incremental in-plane cyclic loading 

was applied up to failure. 
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a) Specimen SC-0.5T-Vn (in mm units) 

b) Specimens SC-T-Vn and SC-T-2.5Vn (in mm units) 

Figure 3.1 Stud and tie layout details 
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Figure 3.2 3D rendering of the test setup 
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Figure 3.3 Physical test setup 
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a) Clevis before welding b) Pre-heating of clevis for welding 

c) Clevis after welding d) Clevis with press-fitted bearing 

Figure 3.4 Fabrication of clevises 



 

 
 

 

 

 

  

 

 

 

 

 

72 

a)  Fabricated out-of-plane loading b)  Fabricated out-of-plane wall box 

beams 

Figure 3.5 Components of out-of-plane loading setup 

Figure 3.6 Faceplate-to-baseplate weld details (from [33]) 
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Figure 3.7 Plan view of the foundation and the baseplate (from [33]) 
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Figure 3.8 In-plane sensors 

Figure 3.9 Out-of-plane sensors 



 

 
 

 

 

 

75 

Figure 3.10 Strain gauge layout 

Figure 3.11 Faceplate before assembling the steel 
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Figure 3.12 Steel assembly before welding 

Figure 3.13 Steel assembly after welding 
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Figure 3.14 Steel assembly before pouring concrete 

Figure 3.15 In-plane and out-of-plane loading protocol 
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Table 3.1 Specimen details 

Specimen h (mm) lw (mm) T (mm) tp (mm) dtie (mm) h/lw ρ

 s

/T s/tp S/T 
Tie Fyt, 

(MPa) 

Faceplate 

Fy (MPa) 

Concrete 

f'c (MPa) 

SC-T-C 914 1524 305 4.8 9.5 0.6 0.031 0.33 21 1.0 496 393 40 

SC-T-Vn 914 1524 305 4.8 9.5 0.6 0.031 0.25 16 1.0 496 331 53 

SC-0.5T-

Vn 
914 1524 305 4.8 9.5 0.6 0.031 0.25 16 0.5 496 331 36 

SC-T-

2.5Vn 
914 1524 305 4.8 9.5 0.6 0.031 0.25 16 1.0 496 331 36 
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Table 3.2 Specimen out-of-plane loading details 

Specimen Vn 
ACI (kN) Mn 

AISC (kN.mm) ACIVoop/ Vn 
AISC Moop/ Mn 

SC-T-C 473 7.8x105 N.A. N.A. 

SC-T-Vn 545 6.6x105 0.98 0.37 

SC-0.5T-Vn 1041 (1160)* 6.6x105 1.03 (0.92)* 0.74 

SC-T-2.5Vn 452 6.6x105 2.46 0.78 

*ACI 349 limits the shear reinforcement yield strength to 414 MPa (60 ksi). The values mentioned 

are considering the ACI limit. Values mentioned in parenthesis are calculated using the measured 

yield strength of shear reinforcement, fyt [496 MPa (72 ksi)]. 
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Table 3.3 In-plane measurements 

Measurement Need for the measurement Instrumentation used 

In-plane force 
To obtain the in-plane force-
displacement response of the 

specimen 

Pressure transducers were 
mounted on the hydraulic 

rams to measure the push and 
pull pressure, which was 
multiplied by calibration 

factor for the ram to obtain 
the push and pull force 

Displacement @ 
a) Top of the foundation 

block 
b) Baseplate 

c) Out-of-plane loading 
Location 

d) Top of the specimen 

a) To obtain the in-plane 
force-displacement response 

of the specimen 
b) To obtain base slip data 

String pots (SP, displacement 
sensors) employed. 

Rotation @ 
Base of the wall 

a) To obtain the in-plane base 
rotation data 

b) To correct the in-plane 
displacements for base 

rotation 

Clinometer (CM, rotation-
meter) at the base of the wall 

Strains: 
a) Longitudinal Strain 

(vertical) at the base of the 
wall 

b) Shear strain at the base of 
the wall 

a) To obtain the in-plane 
neutral axis location 

b) To observe the yielding 
and buckling of the faceplates 

c) To determine the shear 
strains at the center of the 

wall 

a) Stain gauges (S) installed 
at the base of the faceplates, 

inside and outside. 
b) At the center of the wall, 

rectangular strain gauge 
rosettes installed to determine 

the shear strains 
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Table 3.4 Out-of-plane measurements 

Measurement Need for the measurement Instrumentation used 

Out-of-plane force 
To obtain the out-of-plane force-

displacement response of the specimen 

Pressure transducers 
were mounted on the 

hydraulic rams to 
measure the push and 
pull pressure, which 
was multiplied by 

calibration factor for 
the ram to obtain the 
push and pull force 

Displacement @ 
a) Top of the 

foundation block 
b) Baseplate 

c) Out-of-plane loading 
Location 

d) Top of the specimen 

a) To obtain the out-of-plane force-
displacement response of the specimen 

b) To obtain base slip data 
c) To verify the out-of-plane rotation and 
curvature data for the wall (obtained from 

clinometers) 
d) To assess the out-of-plane twisting of 

the wall 

String pots (SP, 
displacement sensors) 

employed. 

Rotation@ 
a)Out-of-plane loading 

location 
b) Base of the wall 

a) To obtain the out-of-plane moment-
curvature response, and stiffness of the 

wall 

Clinometers (CM, 
rotation-meter) 

installed at the base of 
the wall, and at the out-

of-plane loading 
location 

Strains: 
a) Longitudinal Strain 
(vertical) at the base of 

the wall 
b) Longitudinal strain 

in the ties 

a) To obtain the out-of-plane neutral axis 
location 

b) To observe the yielding and buckling of 
the faceplates and the twisting behavior of 

the wall 
c) To measure force in tie bars due to out-

of-plane loading 

a) Stain gauges (S) 
installed at the base of 
the faceplates, inside 

and outside. 
b) Strain gauges 

installed on the corner 
tie bars 

Concrete cracking: 
a) Observe cracking of 

the concrete 

To determine the out-of-plane load at 
which concrete develops diagonal shear 

cracks 

Visual inspection and 
marking of the cracks  
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4. SC STRUCTURES SUBJECTED TO BIAXIAL LOADING: 
EXPERIMENTAL RESULTS 

Experimental studies were conducted to evaluate the effect of out-of-plane forces on the in-plane 

response of SC wall piers. Four SC wall pier specimens were tested. One specimen (control 

specimen) was subjected to cyclic in-plane loading (no out-of-plane loading). The experimental 

results for control specimen were discussed in detail by Kurt [33] (Specimen SC 8). The 

experimental observations for control specimen are summarized in this chapter. The remaining 

specimens were subjected to different magnitudes of out-of-plane loading in combination with 

cyclic in-plane loading. 

This chapter presents the experimentally observed behavior of the specimens (for in-plane and out-

of-plane loading). The measured day-of-test properties of the specimens are summarized in Table 

3.1. Concrete uniaxial compressive strength was obtained from cylinders cast at the same time as 

the specimen. The cylinders were 100 mm in diameter and 200 mm in height and were tested in 

accordance with ASTM C39 [125]. Concrete strengths presented in the table are the average  

strengths obtained from cylinders on the day of testing. Faceplate strength was obtained from 

tension coupons prepared from samples taken, and tested. The average of faceplate strengths 

obtained from the tests are mentioned in the table. To evaluate the effect of out-of-plane loading 

and tie spacing, the response of control specimen (not subjected to out-of-plane loading) is briefly 

discussed. The specimens with biaxial loading are then discussed. The results are employed to 

evaluate the effect of out-of-plane forces on the in-plane behavior of SC wall piers. 

The chapter is organized into following sections. 

 SC-T-C: In-plane response of control specimen (with no out-of-plane loading) is 

summarized. 
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 SC-0.5T-Vn: Out-of-plane and in-plane response of specimen with ties spaced at half the 

section thickness, and subjected to an out-of-plane loading of magnitude equal to its 

nominal out-of-plane shear strength are presented. 

 SC-T-Vn: Out-of-plane and in-plane response of specimen with ties spaced at section 

thickness, and subjected to an out-of-plane loading of magnitude equal to its nominal out-

of-plane shear strength are presented. 

 SC-T-2.5Vn: Out-of-plane and in-plane response of specimen with ties spaced at section 

thickness, and subjected to an out-of-plane loading of magnitude equal to 2.5 times its 

nominal out-of-plane shear strength are presented. 

 Evaluation of wall pier behavior: The out-of-plane and in-plane behavior of wall pier 

specimens are evaluated and compared to each other. 

SC-T-C 

Specimen SC-T-C was subjected to cyclic in-plane loading. In-plane force-top displacement 

response of the specimen is presented in Figure 4.1. Detailed experimental evaluation of the 

specimen is presented in Kurt et al. [69] and Kurt [33] (specimen SC 8). Failure load for the 

specimen was measured as 3200-kN (720 kips) on North-direction (+). Measured peak load value 

in the South direction (-) was 3030-kN (680 kips), giving an average failure load for in-plane shear 

as 3115-kN. The peak in-plane force was approximately equal to the force corresponding to 

compression yield moment for the specimen (VMyc). Figure 4.1 also presents the progression of 

damage in the specimen. Flexural failure of the specimen was initiated by crushing and spalling of 

the concrete in compression, accompanied by local buckling of the steel plates in compression, 

and base metal (faceplate) weld rupture. The specimen did not reach its plastic moment capacity 

due to the weld rupture. 



 

 
 

 

   

 

 

 

 

 

 

  

 

  

  

 

 

 

 

 

 

 

  

 

84 

SC-0.5T-Vn 

Specimen SC-0.5T-Vn (with ties spaced at 0.5T) was subjected to an incremental cyclic out-of-

plane load of magnitude 1070-kN (240 kips) [approximately equal to  Vn
ACI]. The out-of-plane 

loading was then maintained constant, and the specimen was subjected to incremental in-plane 

load cycles. The out-of-plane and in-plane behavior of the specimen is discussed in this section. 

4.2.1 Out-of-plane Behavior 

Specimen SC-0.5T-Vn was subjected to incremental out-of-plane loading cycles (133, 267, 400, 

534, 1070-kN). The out-of-plane load was then maintained constant at 1070-kN. Figure 4.2 shows 

the moment-faceplate vertical normal strain relationship for the 1070-kN load cycles [moment is 

calculated at the strain gauge location (76 mm from the base) corresponding to the applied out-of-

plane force]. Faceplate strains exceed the concrete cracking strain [130 με, considering concrete 

'modulus of rupture to be 7.5 fc , in psi units]. Concrete cracking is also apparent from the 

difference in faceplate tension and compression strains for the same magnitude of out-of-plane 

moment. However, the faceplate strains do not exceed the yield strain (1650 με). Diagonal shear 

cracks were observed in the specimen during the 1070-kN load cycle [at a load magnitude of about 

980-kN (220 kips)]. Diagonal shear cracking of the concrete (as shown in Figure 4.3) is expected 

to engage the out-of-plane shear reinforcement (ties). The behavior is confirmed by ties (Figure 

4.4), as the ties start experiencing tensile strains at an out-of-plane force of about 890-kN (200 

kips). 

Cracking of concrete under out-of-plane loading (as observed in Figure 4.2 and Figure 4.3) will 

reduce the out-of-plane flexural stiffness of the SC specimen. Out-of-plane moment-curvature 

response of specimen SC-0.5T-Vn is presented in Figure 4.5 (for the load cycle of 1070-kN). The 

out-of-plane curvature is obtained from clinometer rotation data (CM2 and CM3 in Figure 3.9). 
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Curvature is calculated from measured rotations using the central difference method. Out-of-plane 

moment is calculated at 229 mm (9 in.) from the base (the location where the curvature is obtained 

from the central difference method). The out-of-plane cracking moment corresponding to a 

concrete cracking strain of 130 με  [Mcr-oop, 14x104 kN-mm (1240 kip-in.)], and the moment 

corresponding to out-of-plane shear strength per ACI 349 [25] [MVn-oop, 24.4x104 kN-mm (2160 

kip-in)] are also plotted in the figure. The moment-curvature response can be separated into two 

regions, Region 1 with stiffness close to uncracked stiffness [EsIs+EcIc, 1.6x1011 kN-mm2 (5.54x107 

kip-in2)], and Region 2 with stiffness close to cracked-transformed stiffness [EsIs+c2EcIc , 0.85x1011 

kN-mm2 (2.94x107 kip-in2), per AISC N690s1 [26] Equation A-N9-8]. It is observed that the 

stiffness changes from Region 1 to Region 2 for moment values approximately equal to Mcr-oop. 

Ratio of the stiffness observed experimentally, with the calculated cracked (for Region 2) and 

uncracked (for Region 1) stiffnesses is also presented in Figure 4.5. The stiffness for Push Region 

1 matches the uncracked stiffness. A higher magnitude of shear force (1070-kN) results in 

additional damage to the specimen, i.e. formation of diagonal shear cracks, which results in the 

stiffness for Region 2 being even lower than the calculated cracked transformed stiffness. The 

higher magnitude of pull force (-1070 kN) results in cross-diagonal shear cracks, which further 

reduces the stiffnesses for the pull cycle that follows. 

4.2.2 In-plane Behavior 

With the out-of-plane loading maintained constant at 1070-kN, the specimen was subjected to 

incremental cyclic in-plane loading per the loading protocol discussed previously. Figure 4.6 

shows the in-plane force-top displacement response of SC-0.5T-Vn. Average strength of SC-0.5T-

Vn was 2738-kN [+2760/-2715 kN (+620/-610 kips)]. Response of the specimen is compared with 

that of SC-T-C (Control specimen) in Figure 4.7. Applied in-plane force (Vapp) is normalized with 
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force corresponding to compression yield moment (VMyc) for the specimens. While the average 

strength of SC-0.5T-Vn (2738-kN) was about 15% lower than the peak strength of specimen SC-

T-C (3115-kN), the normalized strengths of the two specimens were similar (approximately equal 

to VMyc). Therefore, the out-of-plane force (corresponding to Moop equal to 0.74Mn
AISC) did not 

result in a significant reduction in the in-plane moment capacity (the specimen reached its 

compression yield moment capacity). The failure drift for both the specimens was similar (about 

1.12%). 

Figure 4.8 to Figure 4.16 show the progression of damage for yield and post-yield cycles. The 

diagonal cracks (formed during the 1070-kN out-of-plane loading cycle) widened with increased 

in-plane loading, and additional diagonal cracks were observed for elastic cycles (as marked in 

Figure 4.8). Widening of diagonal cracks and initiation of faceplate buckling (on north end of west 

faceplate) was observed during the 1.5∆y cycles (Figure 4.9). The specimen also started to drift in 

the out-of-plane direction, with large residual out-of-plane deformations. Buckling was observed 

for both the faceplates, along with extensive widening of shear cracks, and large out-of-plane 

deformations, during the 2∆y cycles (Figure 4.10 to Figure 4.13). Concrete spalling was observed 

at the end of the 2y cycles (Figure 4.13). The specimen failed during the y cycle due to extensive 

buckling, concrete spalling, and significant out-of-plane deformations (Figure 4.14). Unlike the 

control specimen (which had symmetric behavior), specimen SC-0.5T-Vn experienced extensive 

twisting, large residual out-of-plane drifts, and the behavior was asymmetric. The ties experienced 

additional tensile stresses due to the asymmetric behavior, and this was confirmed by the rupture 

of a corner tie at the end of the test (as seen in Figure 4.15 and Figure 4.16). 

Sustained out-of-plane loading resulted in tensile strains on the West side faceplate (around 1000 

με, as observed in S12 and S20 from Figure 4.2) and compressive strains on the East side faceplate. 
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Figure 4.17 and Figure 4.18 show the faceplate strain plots for 0.25Py and Δy loading cycles. The 

asymmetric strain distribution due to the combination of in-plane and out-of-plane loading is 

apparent in the figures. The West plate strain gauges (S12 and S20) had an initial strain (with no 

in-plane force) of about 1000 με (shown as εoop in Figure 4.17). The in-plane loading resulted in 

strains of opposing nature (tensile vs compressive) on the North and South ends of the wall pier 

[e.g., S12 and S20 are both on the West plate, but S12 is at South end and S20 is at North end, so 

they both had similar initial strain (εoop) due to out-of-plane loading, but experienced opposing 

strains due to in-plane loading]. The additional strain due to out-of-plane loading, coupled with 

asymmetric behavior for combined loading, lead to initiation of yielding at south-west corner of 

faceplate (S12 in Figure 4.17) for an in-plane force of about 670-kN (150 kips). In control 

specimen, initiation of faceplate yielding was observed around 2970-kN (550 kips). Figure 4.18 

shows that the faceplate strains for the Δy cycle were well beyond yielding strains. However, the 

asymmetric behavior was still maintained (West plate strains were higher than East plate strains). 

Damage to the wall pier at the end of the test (Figure 4.14) highlights the asymmetric behavior and 

large residual out-of-plane drifts for incremental in-plane loading. The behavior was verified using 

the experimental measurements. Figure 4.19 shows the twisting of the specimen (at mid-height 

and top) when incremental in-plane loads (only push (+) half-cycles are plotted) were applied (with 

out-of-plane force maintained constant). The figure shows the plan view of the wall pier cross-

section, with the wall pier thickness (305 mm) along the horizontal axis, and wall pier length (1524 

mm) along the vertical axis. For clarity, the out-of-plane deformations are amplified ten times. The 

out-of-plane deformations were obtained from string pots installed at the top and mid-height of the 

specimens (SP 12, 13, 17, 18 in Figure 3.9). It is observed that the specimen underwent twisting 

out-of-plane when incremental in-plane loads were applied. The direction of twist reversed when 
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the direction of loading was reversed. Additionally, the twist (and resulting residual out-of-plane 

drifts) increased drastically in the post-yield cycles, and the peak out-of-plane drift of magnitude 

25 mm (1 in.) was observed during the 2y cycle. The residual out-of-plane drift at failure (3y 

push cycle) was 61mm (2.4 in.). Figure 4.20 shows the evolution of neutral axis of the wall pier 

cross-section (at 76 mm from the base, the strain gauge location) for incremental in-plane loading 

(only push (+) cycles are plotted in combination with sustained out-of-plane loading). The neutral 

axis location was determined based on the faceplate strain gauge data. It is observed that the neutral 

axis rotated counter-clockwise and moved towards the North corner of the wall pier as incremental 

push (+) in-plane loading subjected South end to tensile strains and North end to compressive 

strains. Similar twisting and evolution of neutral axis behavior was observed for the pull (-) half 

cycles of in-plane loading. 

SC-T-Vn 

The specimen (with ties spaced at section thickness, T), was subjected to incremental cycles of 

out-of-plane loading (267, 534-kN). Out-of-plane load was then maintained constant at 534-kN, 

and the specimen was subjected to in-plane loading cycles. 

4.3.1 Out-of-plane Behavior 

No diagonal shear cracks were observed in the specimen for the out-of-plane loading cycles. This 

is because, for a shear span to depth ratio of 1.5, the concrete contribution to out-of-plane strength 

'is expected to be greater than 2 f A (in psi units), and the magnitude of out-of-plane load [534-c c  

'kN, corresponding to 2 fc  (in psi units)] does not exceed the concrete contribution. Figure 4.21 

shows the East (S1 and S9) and West (S12 and S20) faceplate strains during to the out-of-plane 

force cycle of 534-kN. It is observed that the faceplate strains exceed the concrete cracking strain 
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(130 με) for both the push and pull directions. However, the magnitude of strains is significantly 

lower than the faceplate strains for SC-0.5T-Vn (around 1000 με for constant out-of-plane loading 

of 1070-kN). Since no diagonal shear cracks were observed (and the ties are spaced at section 

thickness), the out-of-plane loading is not expected to engage the ties. This is confirmed in Figure 

4.22, where the S35 (strain gauge at tie on North side) and S37 (strain gauge at tie on South edge) 

show no tensile strains as the specimen is subjected to 534-kN out-of-plane loading cycle. 

No diagonal shear cracks are observed in SC-T-Vn. However, flexural cracking (as seen in Figure 

4.21) will reduce the out-of-plane flexural stiffness of the SC specimen. Out-of-plane moment-

curvature response of specimen SC-T-Vn is presented in Figure 4.23 (for the load cycle of 534-

kN). The out-of-plane curvature is obtained from clinometer rotation data (CM2 and CM3 in 

Figure 3.9). Curvature is calculated from the measured rotations using central difference method. 

Out-of-plane moment is calculated at 254 mm (10 in.) from the base (the location where the 

curvature is obtained from central difference method). Lines with slopes corresponding to 

uncracked stiffness, EIuncr, [Region 1, EsIs+EcIc, 1.8x1011 kN-mm2 (6.2x107 kip-in2)], and cracked-

transformed stiffness, EIeff, [Region 2, EsIs+c2EcIc , 0.86x1011 kN-mm2 (3.0x107 kip-in2), per AISC 

N690s1 [26] Equation A-N9-8] are also plotted in the figure. Since the out-of-plane moment 

[11x104 kN-mm (975 kip-in)] is less than the out-of-plane cracking moment corresponding to 

concrete cracking strain of 130 με [Mcr-oop, 16x104 kN-mm (1388 kip-in.)], the flexural stiffness of 

the specimen is close to uncracked stiffness (Region 1). Ratio of the stiffness observed 

experimentally, with the calculated uncracked (for Region 1) stiffness is also presented in Figure 

4.23. Stiffness for Push Region 1 is 0.8 times the uncracked stiffness. Additional flexural cracking 

in the 534-kN push cycle reduces the Pull region 1 stiffness further to 0.64 times the uncracked 

stiffness. 
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4.3.2 In-plane Behavior 

With the out-of-plane loading maintained constant at 534-kN, the specimen was subjected to 

incremental cyclic in-plane loading per the loading protocol discussed previously. Figure 4.24 

shows the in-plane force-top displacement response of SC-T-Vn. Average peak strength of SC-T-

Vn is 3180 kN [+3200/3160 kN (+720 kips/-710 kips)]. Response of the specimen is compared 

with SC-T-C (Control specimen) in Figure 4.25. While the average strength of SC-T-Vn (3180-

kN) is approximately same as that of specimen SC-T-C (3115-kN), the normalized strength of SC-

T-Vn (about 1.10VMyc, or 0.98VMp) is higher [SC-T-C failed due to base metal (faceplate) weld 

failure and could not reach its plastic moment capacity]. Therefore, the out-of-plane force 

(corresponding to Moop equal to 0.37Mn
AISC) did not result in a significant reduction in in-plane 

moment capacity (SC-T-Vn reached its plastic moment capacity). Post-peak response of the 

specimen is also similar to the control specimen. The specimen failed at a drift ratio of (+/-) 1.5%. 

The specimen behavior was similar to SC-T-C. Figure 4.26 to Figure 4.32 show the progression 

of damage in the specimen for the yield and post-yield cycles. For the ∆y cycle (Figure 4.26), there 

was no significant damage in the specimen. There was flexural cracking at the base of the specimen 

and beneath the out-of-plane loading location. Vertical crack along the stud line was observed on 

the North face of the specimen for 1.5∆y cycle (as seen in Figure 4.27a), and the flexural cracks at 

the base started widening. Additional diagonal shear cracking was observed on the South face of 

the specimen (Figure 4.27b). Faceplate buckling was observed during the 2∆y cycles (Figure 4.28a, 

Figure 4.29b, and Figure 4.30a). Extensive opening of the concrete cracks occurred (Figure 4.28b, 

Figure 4.29a, and Figure 4.30b). Out-of-plane deformation of the specimen was apparent. Concrete 

spalling was observed in the second 2∆y cycle (Figure 4.30). The specimen failed in 3∆y cycle due 

to extensive faceplate buckling and concrete spalling (no weld rupture in the specimen). Specimen 

state at failure is shown in Figure 4.31 and Figure 4.32. 
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Lower magnitude of sustained out-of-plane loading (in comparison to SC-0.5T-Vn) resulted in 

lower tensile strains on the West side faceplate (around 300 με, as observed in S12 and S20 from 

Figure 4.21, in comparison to 1000 με observed for SC-0.5T-Vn). Figure 4.33 and Figure 4.34 

show the faceplate strain plots for 0.75Py and 1.5Δy loading cycles. Figure 4.33 shows that the 

initial faceplate strain due to sustained out-of-plane loading does not affect the faceplate yielding 

significantly. All the strain gauges reach yield strain around 1870-kN (400-kip) force. This is 

considerably higher than the force corresponding to initiation of faceplate yielding in SC-0.5T-Vn 

[around 670-kN (150 kips)]. However, the force is lower than that observed in the control specimen 

[around 2450-kN (550 kips)]. Therefore, the magnitude of out-of-plane moment (resulting from 

the out-of-plane force) affects the initiation of yielding of faceplates, as the out-of-plane loading 

results in additional strains in the faceplates. Figure 4.34 shows the faceplate strains for 1.5Δy cycle. 

Strain gauge S29 was located on the inner face of the faceplate (S12 was placed at the same 

location on the outer face). Compression buckling of the faceplates is apparent in the figure. S9 

and S12 reverse directions (strain increments change from compressive to tensile) when the 

faceplates buckle (faceplate buckling was observed visually during the 2∆y cycle, as seen in Figure 

4.28a, Figure 4.29b, and Figure 4.30a). It is observed that West faceplate (S12) buckles before 

East faceplate (S9) (also seen in Figure 4.28a). The initiation of buckling is around -1335 kN (-

300 kips) and -2670 kN (-600 kips) for West and East faceplates respectively. This is counter-

intuitive as the sustained out-of-plane loading subjects the West and East plates to additional 

tensile and compressive stresses respectively. This phenomenon was also observed for SC-0.5T-

Vn. The delay in buckling of East plate may be due to the out-of-plane curvature (the East plate is 

curved in), which may provide additional resistance to buckling. 
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The extent of twisting and asymmetric behavior observed for SC-T-Vn was lower than SC-0.5T-

Vn. Ties did not experience high tension demands (and there was no tie rupture). The asymmetric 

behavior (including the out-of-plane twisting) of SC-T-C was verified using the experimental 

measurements. Figure 4.35 shows the twisting of the specimen (at mid-height and top of the wall) 

when incremental in-plane loads (only push (+) half-cycles are plotted) were applied (with out-of-

plane force maintained constant). The figure shows the plan view of the wall pier cross-section, 

with the wall pier thickness (305 mm) along the horizontal axis, and wall pier length (1524 mm) 

along the vertical axis. For clarity, the out-of-plane deformations are amplified ten times. The out-

of-plane deformations were obtained from the string pots installed at mid-height and top of the 

specimens (SP 12, 13, 17, 18 in Figure 3.9). It is observed that the specimen underwent twisting 

out-of-plane when incremental in-plane loads were applied. The direction of twist reversed when 

the direction of loading was reversed. Additionally, the twist (and resulting residual out-of-plane 

drifts) increased drastically in the post-yield cycles, and peak out-of-plane drift of magnitude 11 

mm (0.4 in) [in comparison to 25 mm (1 in.) for SC-0.5T-Vn] was observed during the 2y cycle. 

Residual out-of-plane drift at failure (3y push cycle) was 23 mm (0.9 in) [in comparison to 60 

mm (2.4 in) for SC-0.5T-Vn]. Figure 4.36 shows the evolution of neutral axis of the wall pier  

cross-section (at 76 mm from the base, strain gauge location) for incremental in-plane loading 

(only push (+) cycles are plotted) in combination with sustained out-of-plane loading. The neutral 

axis location was determined based on the faceplate strain gauge data. It is observed that the neutral 

axis rotated counter-clockwise and moved towards the North corner of the wall pier as incremental 

push (+) in-plane loading subjected the South end to tensile strains and North end to compressive 

strains. Neutral axis locations for ∆y cycles are similar for SC-T-Vn and SC-0.5T-Vn. Similar 
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twisting and evolution of neutral axis behavior were observed for the pull (-) half cycles of in-

plane loading. 

SC-T-2.5Vn 

The specimen (with ties spaced at section thickness, T) was subjected to incremental cycles of out-

of-plane loading (222, 445, 667, 890, 1113-kN). The out-of-plane load was then maintained 

constant at 1113-kN (250 kips) and the specimen was subjected to in-plane loading cycles. 

4.4.1 Out-of-plane Behavior 

The specimen had diagonal pre-cracking in one direction before the application of out-of-plane 

loading (marked as 0k in Figure 4.37). These cracks were formed during the post-tensioning of 

out-of-plane loading beam to the specimen. The specimen was subjected to incremental out-of-

plane loading cycles (222-kN increments) till it developed diagonal shear cracks in the push (+) 

and pull (-) direction, with an intent to force the specimen to fail in vector shear (combination of 

in-plane and out-of-plane shear). Diagonal shear cracks in both the directions were observed in the 

1113-kN loading cycle. This force corresponds to 2.5 times the expected out-of-plane shear 

'strength of the specimen [2.5x2 c cf A  (in psi units)]. The specimen cracking at the end of 1113-

kN cycle is shown in Figure 4.38. SC-T-2.5Vn had cross-diagonal cracks and significantly more 

damage than SC-0.5T-Vn (Figure 4.3) before the application of in-plane loading. Figure 4.39 

shows the East (S1 and S9) and West (S12 and S32) faceplate strains during the out-of-plane force 

cycle of 1113-kN. It is observed that the faceplate strains exceed the concrete cracking strain (130 

με) for both the push and pull directions. The tensile strain in push (+) cycle is lower than the pull 

(-) cycle. This is because of the pre-existing diagonal crack corresponding to the pull direction. 

The magnitude of strains is lower than the faceplate strains for SC-0.5T-Vn (around 1000 με for 
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constant out-of-plane loading of 1070 kN). This can be attributed to observation of shear cracks in 

SP-T-2.5Vn at a lower magnitude out-of-plane force in comparison to SC-0.5T-Vn. As the 

specimen undergoes diagonal shear cracking between the base and the out-of-plane loading 

location, the row of ties in the region is expected to undergo tensile stresses. This is confirmed in 

Figure 4.40, where S35 (strain gauge installed at tie on North side) and S36 (strain gauge installed 

at tie on South side) show high tensile strains for out-of-plane loading. It is also observed that for 

pull (-) direction, the ties pick up tensile strains from the beginning of the loading. This is because 

the specimen was cracked in shear corresponding to pull direction before out-of-plane loading was 

applied (Figure 4.37). In push (+) direction, the ties pick up tensile strains after diagonal cracks 

are observed corresponding to the loading (at about +1070-kN load). 

Cracking of concrete under out-of-plane loading (as observed in Figure 4.39 and Figure 4.40) will 

reduce the out-of-plane flexural stiffness of the SC specimen.  Out-of-plane moment-curvature 

response of specimen SC-T-2.5Vn is presented in Figure 4.41 (for the load cycle of 1113-kN). The 

out-of-plane curvature was obtained from clinometer rotation data (CM2 and CM3 in Figure 3.9). 

The curvature was calculated from the measured rotations using central difference method. Out-

of-plane moment was calculated at 254 mm (10 in.) from the base (the location where the curvature 

is obtained from central difference method). The out-of-plane cracking moment corresponding to 

a concrete cracking strain of 130 με [Mcr-oop, 14x104 kN-mm (1230 kip-in.)] corresponds to an out-

of-plane force of 685-kN (154 kips). Since the specimen was subjected to 890-kN cycle before the 

1113-kN cycle, the specimen is expected to exhibit cracked-transformed (Region 2) stiffness, EIeff, 

[EsIs+c2EcIc , 0.84x1011 kN-mm2 (2.94x107 kip-in2), per AISC N690s1 [26] Equation A-N9-8]. The 

push stiffness and the pull stiffness of the specimen are close to EIeff, with the stiffness ratios being 

0.89 and 0.91 respectively (Figure 4.41). 
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4.4.2 In-plane Behavior 

With the out-of-plane loading maintained constant at 1113-kN, the specimen was subjected to 

incremental cyclic in-plane loading per the loading protocol discussed previously. Figure 4.42 

shows the in-plane force-top displacement response of SC-T-2.5Vn. Average peak strength of SC-

T-2.5Vn is 2180 kN [+2225/-2136 kN (+500 kips/-480 kips)], in comparison to 3115-kN for SC-

T-C. Normalized response of the specimen is compared with SC-T-C (Control specimen) in Figure 

4.43. The normalized peak strength of SC-T-2.5Vn (equal to 0.83VMyc) is significantly lower than 

SC-T-C. SC-T-2.5Vn did not reach its compression yield moment capacity. This is because of high 

in-plane shear force for SC-T-2.5Vn [while Moop was 0.78Mn
AISC (similar to SC-0.5T-Vn), the 

ACI ACIcorresponding Voop was 2.5Vn (compared to 1.0Vn for SC-0.5T-Vn)]. The specimen 

underwent a vector shear (combination of in-plane and out-of-plane shear) failure in the cycle 

following the peak load cycle. The specimen failed at a drift ratio of (+/-) 0.6%. 

Figure 4.44 to Figure 4.48 show the progression of damage for the specimen. The diagonal shear 

cracks (formed due to out-of-plane loading) widened due to vector shear demands and additional 

shear cracks formed for in-plane loading cycles (Figure 4.44). There was some initiation of 

faceplate buckling on North end of the East faceplate for the first y push (+) cycle (Figure 4.45). 

The diagonal shear cracks widened and the out-of-plane deformation of the specimen increased 

during the first y cycle (Figure 4.45 and Figure 4.46). During the second y push cycle, North end 

of the East faceplate buckled, and the diagonal shear crack in concrete extended to the buckled 

faceplate (Figure 4.47). The specimen had extensive shear cracking, and there was initiation of 

concrete spalling due to the cracking. The specimen failed during second y pull cycle, as the 

faceplate buckling resulted in the inability of the concrete compression strut to be anchored in to 

the faceplate. This led to the specimen sliding on the diagonal shear crack plane. The specimen 
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failed due to extensive shear cracking, concrete crushing at the out-of-plane loading location, and 

sliding on the diagonal crack plane (Figure 4.48). There was no extensive faceplate buckling or 

yielding, or concrete spalling (these limit states were observed for other specimens). 

Magnitude of sustained out-of-plane loading for SC-T-2.5Vn (1113-kN) was similar to that for 

specimen SC-0.5T-Vn (1070-kN). However, the resulting tensile strains (εoop) on the West  

faceplate for SC-T-2.5Vn (around 600 με, as observed in S12 and S32 from Figure 4.39 and Figure 

4.49) were lower than the corresponding strains for SC-0.5T-Vn (1000 με as shown in Figure 4.17). 

The lower faceplate strains in SC-T-2.5Vn indicate higher out-of-plane shear distress in the 

specimen (as confirmed by diagonal shear cracking in the specimen). Figure 4.50 shows the 

faceplate strain plots for 0.75Py loading cycles. Since S12 was not functioning, the strain gauge at 

the same location on the inner face of the faceplate (S29) has been used. The West faceplate tensile 

strains exceeded the yield strains at +1780/-1160 kN (+400/-260 kips). The East faceplate had not 

yielded yet. The yield force is considerably higher than the force corresponding to initiation of 

faceplate yielding in SC-0.5T-Vn (around 670-kN as shown in Figure 4.17). The faceplate strain 

comparison for SC-T-2.5Vn and SC-0.5T-Vn corroborates the fact that the response of SC-T-

2.5Vn was shear dominated, which delayed the initiation of faceplate yielding. Figure 4.50 also 

shows that the behavior of specimen was highly asymmetric, with West faceplate witnessing 

extensive yielding, while there was no yielding in East faceplate. 

Since the specimen failed at low in-plane drift ratio, with poor post-peak response, extent of 

twisting and asymmetric behavior observed for SC-T-2.5Vn was lower than that for SC-0.5T-Vn. 

There was no tie rupture. The asymmetric behavior (including the out-of-plane twisting) of SC-T-

C was verified using the experimental measurements. Figure 4.51 shows the twisting of the 

specimen (at mid-height and top of the specimen) when incremental in-plane loads (only push (+) 
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half-cycles are plotted) were applied (with out-of-plane force maintained constant). The figure 

shows the plan view of the wall pier cross-section, with the wall pier thickness (305 mm) along 

the horizontal axis, and wall pier length (1524 mm) along the vertical axis. For clarity, the out-of-

plane deformations are amplified ten times. The out-of-plane deformations were obtained from the 

string pots installed at the mid-height and the top of the specimen (SP 12, 13, 17, 18 in Figure 3.9). 

It is observed that the specimen underwent twisting out-of-plane when incremental in-plane loads 

were applied. The direction of twist reversed when the direction of loading was reversed. At failure, 

out-of-plane drift of magnitude 16 mm (0.6 in) [in comparison to 26 mm (1 in.) for SC-0.5T-Vn] 

was observed. Figure 4.52 shows the evolution of neutral axis of the wall pier cross-section (at 76 

mm from the base, corresponding to strain gauge location) for incremental in-plane loading (only 

push (+) cycles are plotted in combination with sustained out-of-plane loading). Neutral axis 

location was determined based on the faceplate strain gauge data. The faceplates underwent 

extensive tension yielding in the 0.75 Py and ∆y cycles, therefore the strain gauge data could not 

be used to get the neutral axis location for these cycles. It is observed that the neutral axis rotated 

counter-clockwise and moved towards the North corner of the wall pier as incremental push (+) 

in-plane loading subjected South end to tensile strains and North end to compressive strains. 

Neutral axis locations for 0.5∆y cycles are similar for SC-T-Vn and SC-0.5T-Vn. Similar twisting 

and evolution of neutral axis behavior were observed for the pull (-) half cycles of in-plane loading. 

Evaluation of Wall Pier Behavior 

4.5.1 Out-of-plane Behavior 

Specimens SC-T-Vn, SC-0.5T-Vn, and SC-T-2.5Vn were subjected to cyclic out-of-plane loading. 

The out-of-plane loading was applied at a distance of 457 mm from the base (resulting in a shear 

span to depth ratio, a/h, of 1.5). The low a/h was intended to minimize the resulting out-of-plane 
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flexure demands (and have high shear demands). However, the low shear span to depth ratio was 

also expected to increase the concrete contribution to out-of-plane shear strength [higher than 

'2 cf  (in psi units) per ACI 349]. It was observed that the out-of-plane response of the specimens 

was flexure controlled, with concrete cracking in flexure. SC-T-2.5Vn, subjected to an out-of-

plane shear force of magnitude 2.5 times the expected strength per ACI 349, was forced to have a 

shear dominated response. High magnitude out-of-plane force resulted in cross-diagonal shear 

cracks in the specimen. As discussed previously (Figure 4.5, Figure 4.23 and Figure 4.41), 

measured out-of-plane flexural stiffness of the specimens can be compared with calculated cracked 

or uncracked stiffness. Table 4.1 presents the normalized flexural stiffnesses for the specimens for 

loading cycles of 534-kN (556-kN for SC-T-2.5Vn) and 1070-kN (1113-kN for SC-T-2.5Vn). The 

cracking moment at the cross-section where curvature is calculated corresponds to a force of about 

'680-kN [considering concrete modulus of rupture to be 7.5 fc (in psi units)]. Therefore, the 

measured stiffness of the specimens is normalized with the uncracked stiffness (EIuncr) for 534 (or 

556) kN cycles, and with cracked stiffness (EIeff) for 1070 (or 1113) kN cycle. As observed in 

Figure 4.5, both cracked (Region 2) and uncracked (Region 1) stiffnesses were manifest during 

the 1070-kN cycle for SC-0.5T-Vn. SC-T-Vn exhibited stiffness that is lower than the uncracked 

stiffness (but greater than cracked stiffness). The reduction in stiffness may be due to cyclic 

damage. When the cracked stiffnesses for SC-0.5T-Vn (1070-kN, Region 2) and SC-T-2.5Vn 

(1113-kN) are compared, it is observed that SC-0.5T-Vn witnessed a higher reduction in stiffness. 

The lower reduction in flexural stiffness for SC-T-2.5Vn is consistent with the observation that 

the specimen behavior was shear dominated, with the specimen forming cross-diagonal shear 

cracks. 
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4.5.2 In-plane Behavior 

The in-plane response of specimens SC-T-Vn and SC-0.5T-Vn was flexure controlled, with 

specimens failing due to faceplate buckling and concrete spalling. Response of SC-T-Vn and SC-

0.5T-Vn was similar to that of SC-T-C. However, SC-T-C failed due to base metal (faceplate) 

weld rupture, and did not reach its in-plane plastic moment capacity. Specimen SC-T-2.5Vn failed 

in vector shear, by sliding on the diagonal shear crack plane. Biaxial loading resulted in 

asymmetric response of the specimens, with residual out-of-plane drifts, twisting of the specimens, 

and asymmetric yielding and buckling of the specimens. Magnitude of out-of-plane loading (in 

comparison to the out-of-plane strength) affected the in-plane response of the specimen. 

In-plane stiffness of the specimens can be determined using the displacement (in Figure 3.8, SP1 

and SP5 at top, SP3 and SP7 at base) and force measurements. The top displacement (uncorrected) 

measurement also includes the effect of base slip and base rotation. Base slip (measurements from 

SP3 and SP7) and base rotation (measurement from CM1, shown in Figure 3.8) corrections can be 

applied to obtain the corrected displacement measurements for the specimens. Table 4.2 presents 

the measured stiffness values for the specimens. The table presents the corrected (for base slip and 

rotation) and uncorrected stiffness (presented in parenthesis) values for the specimens. Initial 

stiffness is calculated as secant stiffness between force levels of 222-kN to 445-kN (50 kips to 100 

kips) for the first 0.25Py in-plane cycle of the specimen. Secant stiffness for the specimen is the 

stiffness for the first 0.75Py in-plane cycle of the specimen calculated using the peak force and the 

corresponding displacement values. Reduction in in-plane stiffness due to out-of-plane loading 

depends on the magnitude of out-of-plane flexural and shear loads. 

Figure 4.53 presents the comparison of normalized in-plane backbone curves for SC wall pier 

specimens. The in-plane displacement (drift ratio) has been corrected for base slip and base 

rotation. SC-T-C (no out-of-plane loading) reached an in-plane peak load corresponding 1.01VMyc 
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(and 0.87VMp). Since the specimen failed due to basemetal (faceplate) weld rupture, it could not 

AISC)reach VMp. SC-T-Vn (subjected to Voop equal to Vn
ACI, and corresponding Moop equal to 0.37Mn 

reached an in-plane peak load corresponding to 0.98VMp (and 1.10VMyc). SC-0.5T-Vn (subjected 

to Voop equal to Vn
ACI, and corresponding Moop equal to 0.74Mn

AISC) reached an in-plane peak load 

corresponding to 1.04VMyc (and 0.90VMp). SC-T-2.5Vn (subjected to Voop equal to 2.5Vn
ACI, and 

corresponding Moop equal to 0.78Mn
AISC) reached an in-plane peak load corresponding to 0.83VMyc 

(and 0.71VMp). A comparison of SC-T-Vn and SC-0.5T-Vn in-plane response indicates that the 

magnitude of out-of-plane moment affects the in-plane strength and stiffness of the specimen. This 

is because the behavior of the wall piers is flexure controlled, and higher magnitude of out-of-

plane moment results in higher faceplate flexural stresses (and strains) due to the out-of-plane 

loading, thus reducing the magnitude of additional in-plane load the specimen can carry. The 

higher out-of-plane loading also leads to diagonal shear cracking (and additional flexural cracking) 

in the specimen, which reduces the in-plane stiffness of the specimen. A comparison of SC-T-Vn 

and SC-T-2.5Vn indicates that if the specimen is subjected to an out-of-plane force significantly 

higher than the expected out-of-plane shear capacity (forcing the specimen to have vector shear 

failure), the in-plane response of the specimen is significantly hindered. SC-T-2.5Vn had no post-

peak performance and failed in vector shear. SC-T-C and SC-0.5T-Vn reached an average drift of 

about 1%. SC-T-Vn reached an average drift of 1.3%. Since SC-T-2.5Vn had almost no post-peak 

response, average drift for the specimen was about 0.5%. 

Progression of damage for the biaxially loaded specimens is presented in Figure 4.54. Since the 

damage states for SC-T-C have been presented previously (Figure 4.1), the specimen has not been 

included in Figure 4.54. SC-0.5T-Vn and SC-T-2.5Vn were cracked (due to the out-of-plane 

loading) before the application of in-plane loading. Initiation of faceplate yielding in SC-0.5T-Vn 
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was at a lower load (about 0.2VMyc, 670-kN) in comparison to SC-T-Vn and SC-T-2.5Vn (about 

0.5VMyc, 1780-kN). This was due to the higher flexural stresses in SC-0.5T-Vn caused by the out-

of-plane loading (flexural stresses in SC-T-2.5Vn were lower as specimen had shear dominated 

behavior). In comparison to SC-T-Vn, SC-0.5T-Vn experienced faceplate buckling and concrete 

spalling at higher drifts. SC-0.5T-Vn witnessed tie rupture towards the end of the test, due to the 

asymmetric behavior of the specimen. 

Summary of the in-plane response of the specimens is presented in Table 4.3. The table presents 

normalized out-of-plane force (Voop/Vn
ACI), corresponding normalized out-of-plane moment at base 

(Moop/Mn
AISC), experimental in-plane capacity (Vn-ip), ratio of in-plane capacity to lateral force 

corresponding to compression yielding moment capacity (Vn-ip/VMyc) and plastic moment capacity 

(Vn-ip/VMp). In-plane response of flexure-controlled specimens was not significantly affected by 

out-of-plane loads. Both SC-T-Vn and SC-0.5T-Vn reached the compression yield moment 

capacity. However, when SC-T-2.5Vn was forced to undergo vector shear failure, the in-plane 

response of the specimen was significantly affected. The specimen failed at about 20% below the 

compression yield capacity. Experimentally-observed corrected initial stiffness for the first cycle 

(Kin) is normalized with the theoretical uncracked stiffness of the  specimens, Kuncr (considering 

EIuncr and GAuncr). Uncracked stiffness was not manifest in the wall pier specimens. Flexural 

cracking due to out-of-plane loading further reduced in the initial stiffness of the specimens. 

However, shear cracking due to out-of-plane loading does not seem to reduce the in-plane initial 

stiffness of the specimens. Corrected average secant stiffness of the specimens (for the first 0.75Py 

cycle), Ksec, is normalized with theoretical cracked stiffness (Kcr). Kcr was calculated considering 

the cracked flexural stiffness (EIcr) and cracked shear stiffness (GAcr). EIcr was calculated 

corresponding to the neutral axis location for compression yield moment (Myc). GAcr was  



 

 
 

 

      

    

 

 

   

  

 

  

 

   

 

 

   

102 

calculated as the sum of steel shear stiffness (GsAs) and the shear stiffness of the uncracked region 

of concrete (in compression). The uncracked concrete area corresponds to neutral axis location for 

Myc. Additionally, a reduction factor of 0.25 is applied to the concrete uncracked area contribution. 

The reduction factor accounts for the fact that there are no flange boundary elements for concrete 

compression strut to anchor at, and fully develop. Therefore, the concrete shear stiffness was 

uncrconsidered as 0.25GcAc . Out-of-plane loading significantly reduced the in-plane secant stiffness 

of the specimens (the reduction was up to 40%). The corrected maximum drift ratio (∆u-ip
corr) for 

the specimens is also presented in the table. Squat SC wall pier specimens (aspect ratio of 0.6) 

reached peak drifts greater than 1%. For SC-T-2.5Vn, the peak drift was significantly lower (0.5%) 

as the specimen failed in vector shear before reaching in-plane compression yield moment capacity. 

Chapter Summary 

This chapter presents the results for SC wall pier specimens subjected to combined in-plane and 

out-of-plane loadings. Four SC wall pier specimens were tested. The control specimen was 

subjected to in-plane loading (no out-of-plane loading). Three SC wall pier specimens were  

subjected to different magnitudes of out-of-plane loadings, in combination with in-plane loading. 

In-plane response of wall piers with aspect ratios greater than or equal to 0.6 was flexure dominated, 

with specimens failing due to excessive faceplate yielding, compression buckling, and concrete 

spalling. Introducing an out-of-plane force resulted in out-of-plane shear and moment in the wall 

piers. The out-of-plane response of wall pier specimens was flexure controlled with concrete 

cracking. Out-of-plane flexural stiffness can be reasonably estimated using the provisions of AISC 

N690s1. Diagonal shear cracking of the wall piers depended on the magnitude of out-of-plane 

force in comparison to concrete contribution to shear strength (Vc). SC wall pier with ties spaced 

at half the section thickness developed diagonal shear cracks when subjected to out-of-plane shear 
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equal to the nominal shear strength. No diagonal shear cracking was observed for wall pier 

specimen with ties spaced at section thickness and subjected to out-of-plane shear equal to nominal 

shear strength. Wall piers subjected to out-of-plane shear equal to their nominal shear strength (per 

US codes) develop flexural yielding and failure due to interaction between the in-plane and out-

of-plane moments. Shear failure does not occur for these wall piers. In-plane flexural strength of 

the specimens was influenced by the magnitude of out-of-plane moments. The wall pier specimen 

subjected to out-of-plane shear force that is 2.5 times the nominal shear strength (per US codes) 

was forced into a shear failure mode by the interaction of in-plane shear and out-of-plane shear. 

Specimens subjected to biaxial loading exhibited asymmetric response with twisting of the 

specimens, and tie rupture for SC-0.5T-Vn. 
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Figure 4.1 In-plane force-top displacement response of SC-T-C 

Figure 4.2 SC-0.5T-Vn: Faceplate moment-strain plots (for 1070-kN out-of-plane loading cycle) 
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a) North face b) South face 

Figure 4.3 SC-0.5T-Vn: Diagonal shear cracking (after 0.25Py in-plane cycles) 
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Figure 4.4 SC-0.5T-Vn: Tie strains (for 1070-kN out-of-plane loading cycle) 

Figure 4.5 SC-0.5T-Vn: Out-of-plane moment-curvature relationship (for 1070-kN cycle) 
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Figure 4.6 In-plane force-top displacement response of SC-0.5T-Vn 

Figure 4.7 Comparison of in-plane force-top displacement response (SC-0.5T-Vn and SC-T-C) 
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a) North face b) South face 

Figure 4.8 SC-0.5T-Vn: Specimen state at ∆y cycle 
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a) North face b) South face 

Figure 4.9 SC-0.5T-Vn: Specimen state at 1.5∆y cycle 
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a) North face b) South face 

Figure 4.10 SC-0.5T-Vn: Specimen state at 2∆y push cycle 1 
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a) North face b) South face 

Figure 4.11 SC-0.5T-Vn: Specimen state at 2∆y pull cycle 1 
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a) North face b) South face 

Figure 4.12 SC-0.5T-Vn: Specimen state at 2∆y push cycle 2 
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a) North face b) South face 

Figure 4.13 SC-0.5T-Vn: Specimen state at 2∆y pull cycle 2 
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a) North face b) South face 

Figure 4.14 SC-0.5T-Vn: Specimen state at failure (3∆y push cycle 1) 
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Figure 4.15 SC-0.5T-Vn: Tie bar rupture at failure 

Figure 4.16 SC-0.5T-Vn: Tie bar rupture (zoomed in) 
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Figure 4.17 SC-0.5T-Vn: Faceplate strains for 0.25Py cycles 

Figure 4.18 SC-0.5T-Vn: Faceplate strains for ∆y cycle 
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a) At mid-height (457 mm) b) At top of the wall (915 mm) 

Figure 4.19 SC-0.5T-Vn: Out-of-plane twisting (in-plane push (+) half cycles) 
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Figure 4.20 SC-0.5T-Vn: Evolution of Neutral axis (in-plane push (+) half cycles) 
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Figure 4.21 SC-T-Vn: Vertical strains for 534-kN out-of-plane loading cycle 

Figure 4.22 SC-T-Vn: Tie strains for 534-kN out-of-plane loading cycle 
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Figure 4.23 SC-T-Vn: Out-of-plane moment-curvature relationship (for 534-kN loading cycle) 

Figure 4.24 In-plane force-top displacement response of SC-T-Vn 
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Figure 4.25 Comparison of in-plane force-top displacement response (SC-T-Vn and SC-T-C) 
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a) North face b) South face 

Figure 4.26 SC-T-Vn: Specimen state at ∆y cycle 
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a) North face b) South face 

Figure 4.27 SC-T-Vn: Specimen state at 1.5∆y cycle 
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a) North face b) South face 

Figure 4.28 SC-T-Vn: Specimen state at 2∆y, push cycle 1 
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a) North face b) South face 

Figure 4.29 SC-T-Vn: Specimen state at 2∆y, pull cycle 1 
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a) North face b) South face 

Figure 4.30 SC-T-Vn: Specimen state at 2∆y, push cycle 2 
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a) North face b) South face 

Figure 4.31 SC-T-Vn: Specimen state at 3∆y, push cycle 
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a) North face b) South face 

Figure 4.32 SC-T-Vn: Specimen state at 3∆y, pull cycle 
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Figure 4.33 SC-T-Vn: Faceplate strains for 0.75Py cycles 

Figure 4.34 SC-T-Vn: Faceplate strains for 1.5∆y cycle 
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a) At mid-height (457 mm) b) At top of the wall (915 mm) 

Figure 4.35 SC-T-Vn: Out-of-plane twisting (in-plane push (+) half cycles) 
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Figure 4.36 SC-T-Vn: Evolution of neutral-axis (in-plane push (+) half cycles) 
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a) North face b) South face 

Figure 4.37 SC-T-2.5Vn: Pre-cracking in the specimen before loading 
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a) North face b) South face 

Figure 4.38 SC-T-2.5Vn: Specimen state before in-plane loading cycles 
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Figure 4.39 SC-T-2.5Vn: Faceplate vertical strains for 1113-kN out-of-plane loading cycle 

Figure 4.40 SC-T-2.5Vn: Tie strains for 1113-kN out-of-plane loading cycle 
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Figure 4.41 SC-T-2.5Vn: Out-of-plane moment-curvature response (for 1113-kN cycle) 

Figure 4.42 In-plane force-top displacement response of SC-T-2.5Vn 
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Figure 4.43 Comparison of in-plane force-top displacement response (SC-T-2.5Vn and SC-T-C) 
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a) North face b) South face 

Figure 4.44 SC-T-2.5Vn: Specimen state at 0.75Py cycles 
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a) North face b) South face 

Figure 4.45 SC-T-2.5Vn: Specimen state at ∆y, push cycle 1 
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Figure 4.46 SC-T-2.5Vn: Specimen state (North face) at ∆y, pull cycle 1 
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a) North face b) South face 

Figure 4.47 SC-T-2.5Vn: Specimen state at ∆y, push cycle 2 



 

 
 

 

 

 

 

 

 

  

 

 

141 

a) North face b) South face 

Figure 4.48 SC-T-2.5Vn: Specimen state at failure (∆y, pull cycle 2) 
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Figure 4.49 SC-T-2.5Vn: Faceplate strains for 0.25Py cycles 

Figure 4.50 SC-T-2.5Vn: Faceplate strains for 0.75Py cycles 
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a) At mid-height b) At top of the specimen 

Figure 4.51 SC-T-2.5Vn: Out-of-plane twisting (in-plane push (+) half cycles) 
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Figure 4.52 SC-T-2.5Vn: Evolution of neutral-axis (in-plane push (+) half cycles) 
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Figure 4.53 Normalized in-plane backbone curves for SC wall pier specimens (with corrected 
drift) 

Figure 4.54 Damage states for specimens with biaxial loading (with corrected drift) 
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Table 4.1 Normalized out-of-plane stiffnesses 

Specimen SC-T-Vn SC-0.5T-Vn SC-T-2.5Vn 

Out-of-plane force cycle (kN) 534 534 1070 556 1113 

Stiffness Ratio* (Push) 0.80 0.96 0.98 (0.80) 0.64 0.89 

Stiffness Ratio* (Pull) 0.64 1.12 0.70 (0.47) 0.60 0.91 

*Values in bold are the ratio of Region 1 (corresponding to out-of-plane moment less than the 

cracking moment) stiffness with EIuncr. The remaining values are the ratio of Region 2 

(corresponding to out-of-plane moment greater than the cracking moment) stiffness with EIeff. 
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Table 4.2 Measured in-plane stiffnesses of the specimens 

Specimen 

Initial Stiffness* (kN/mm) Secant Stiffness* (kN/mm) 

Push Pull Push Pull 

SC-T-C 1765 (980) 1400 (890) 980 (635) 925 (570) 

SC-T-Vn 1625 (810) 1390 (760) 1115 (690) 1015 (635) 

SC-0.5T-Vn 915 (615) 720 (450) 640 (440) 570 (395) 

SC-T-2.5Vn 1840 (1055) 1030 (740) 655 (580) 630 (500) 

*Stiffness values in parenthesis are the uncorrected stiffnesses corresponding to measured top 

displacement (not accounting for the slip at the base and rotation at base). 
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Table 4.3 Summary of experimental results (in-plane) 

Specimen ACIVoop/Vn 
AISC Moop/Mn Vn-ip (kN) Vn-ip/VMyc Vn-ip/VMp Kin/Kuncr

 K

sec/Kcr ∆u-ip
corr (%) 

SC-T-C N.A. N.A. 3115 1.01 0.87 0.38 0.88 1.02 

SC-T-Vn 0.98 0.37 3180 1.10 0.98 0.32 0.98 1.29 

SC-0.5T-Vn 0.92* 0.74 2738 1.04 0.90 0.21 0.57 0.95# 

SC-T-2.5Vn 2.46 0.78 2180 0.83 0.71 0.36 0.60 0.51 

* Vn
ACI is calculated using measured properties for rebars. 

#Value is for the last full-cycle completed (2∆y cycle) 



 

 
 

 

   

  

 

 

  

 

 

 

       

 

 

  

149 

5. SC STRUCTURES SUBJECTED TO SEISMIC AND THERMAL 
LOADS: DESIGN OF EXPERIMENTS 

This chapter presents the design of experiments for SC walls and wall piers subjected to combined 

seismic (in-plane) and accident thermal loads. The experimental program was developed based on 

the observed behavior of SC walls and wall piers for in-plane loading, typical accident durations 

and magnitudes, and structural response to accident thermal loading. The specimens were designed 

to meet the detailing requirements of AISC N690s1 [26]. The program focused on evaluating the 

effect of different durations and magnitudes of accident temperature loads on the in-plane response 

of SC walls and wall piers. 

The chapter is organized into following sections. 

 Design of Test Matrix: Specimen details and the basis of selecting the parameters to be 

varied are discussed in this section. 

 Loading and Heating Protocol: Rationale behind the loading and heating protocol designed 

for the specimens is discussed in this section. 

 Design of Test Setup: This section presents the details of the test setup and the basis of the 

design. The heater assembly design and details are described. 

 Instrumentation of Specimens: The types of instrumentation used, and the measurements 

recorded for the experiments are described in this section. 

 Construction Sequence: This section presents the procedure and sequence followed for 

fabrication and construction of the specimens and the test setup. 
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Design of Test Matrix 

For SC wall piers (SC-WP), SC-T-C (discussed in Chapters 3 and 4) was used as control specimen 

(called as SC-WP-C). SC-WP-C was subjected to in-plane loading (no heating). One heated (SC-

WP-H) specimen were tested. One heated SC wall (SC-W-H) specimen was tested. The heated 

specimens were also subjected to cyclic in-plane loading. 

Table 5.1 presents the specimen details for the experiments. The table presents the specimen height 

(h), length (lw), thickness (T), faceplate thickness (tp), flangeplate thickness (tf), aspect ratio (h/lw), 

reinforcement ratio (  2 /t Tp ), faceplate stud spacing (s/T), faceplate slenderness ratio (s/tp), 

flangeplate slenderness ratio (sf/tf), and tie spacing (S/T). Measured faceplate (fyp) and flangeplate 

(fyf) yield strength, day-of-test concrete compressive strength (f’c), and maximum surface 

temperature for the specimens is also provided in the table. 

For SC wall piers (SC-WP), the specimen aspect ratio was kept equal to 0.6 in order to maximize 

the shear contribution of the wall pier as recommended by Kurt et al. [69]. The specimens were 

305 mm (12 in.) thick (1/3-1/4 scale of typical SC walls in nuclear facilities). Steel faceplate 

thickness was 4.8 mm (3/16-in.), resulting in a faceplate plate reinforcement ratio of 0.031. Steel 

faceplate thickness was set at 4.8 mm because it is the smallest plate thickness in the structural 

plate category. Smaller thicknesses result in sheet metal properties and associated waviness 

imperfections, which are not representative of the actual structure. The faceplate slenderness ratio 

was designed to meet the limit recommended by AISC N690s1 [26] to develop faceplate yielding 

in compression before local buckling, based on Zhang et al. [1].The stud and tie layout for SC-

WP-H is presented in Figure 5.1. The specimen had ties spaced at half the section thickness. SC-

WP-C had ties spaced at section thickness. 
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Typical SC walls in safety-related nuclear facilities have cross-walls connected to them. Therefore, 

the lateral load response of these walls is typically shear dominated. Additionally, shear failure is 

a more onerous limit state in comparison to flexural failure, and should preferably not be the 

governing limit state. Therefore, for SC wall (aspect ratio of 0.75) specimen, flange plate thickness, 

faceplate thickness, and the specimen dimensions were designed to ensure that the wall fails in in-

plane shear mode without premature buckling of the faceplates. Specimens tested by Kitajima et 

al. [122] were modeled and analyzed to develop benchmark models that were later used for 

predicting the ambient behavior and response of SC-W-H. The monotonically loaded specimen 

tested by Kitajima et al. [122] in ambient condition (Specimen No. 2) was modeled using the finite 

element method for developing benchmark models. In-plane force-top displacement response of 

Specimen No. 2 is compared with the numerical analysis results in Figure 5.2. The figure also 

includes horizontal lines corresponding to shear (Vn
AISC) and flexural strength (Mny) of the wall. 

The shear strength was calculated using the in-plane shear strength equations in AISC N690s1 

[26]. The flexural strength was calculated based on section analysis assuming yielding in the end-

plates, faceplates in the elastic range and rectangular block for concrete in compression. The 

benchmarked models were then used to predict the behavior and response of the designed SC wall 

specimens. The end plate thickness was used as a parameter to design the specimen to have flexural 

strength larger than shear strength and to have in-plane shear as the governing failure mode. As 

shown in Figure 5.3, three different thicknesses for end plates were used in the models [12.7, 19.0, 

25.4 mm (0.50, 0.75 and 1.00 in.)]. The response comparisons indicate that the 19-mm endplate 

thickness provided sufficient flexural capacity that the specimen fails in shear. Flangeplate stud 

details and flangeplate-to-baseplate weld details are presented in Figure 5.4. Studs were welded 

on flangeplates to ensure composite action between flangeplates and concrete infill. Faceplate 
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thickness was kept at 2.64 mm (0.104 in) to ensure that the specimen has a shear controlled 

response. Figure 5.5 presents the stud and tie layout, and dimensions for the faceplates. SC-W-H 

had ties spaced at half the section thickness. 

Loading and Heating Protocol 

Loading and heating protocol for the heated specimens is summarized in Table 5.2. The heated 

specimens were subjected to two surface temperature amplitudes [149°C (300°F) and 232°C 

(450°F)] and subjected to force cycles at heating durations of 1 hour and 3 hours. The temperature 

amplitudes are based on idealized typical surface time-temperature histories for containment 

internal structures (CIS) for postulated pipe break scenarios as obtained from public domain 

documents [101] (discussed previously in Section 2.6). Based on the discussion in Bhardwaj et al. 

[104], 1-hour heating duration was chosen to obtain a non-linear thermal gradient (resulting in 

extensive concrete cracking) through the cross-section. The 3-hour heating duration will result in 

more uniform temperatures through the cross-section (reducing the crack widths). The heating 

durations were scaled down for the specimens (1/3 to 1/4 scaled specimens) to result in through 

thickness temperature profiles similar to those observed in physical wall structures (Figure 2.16), 

as discussed in Sener et al. [101]. The specimens were cooled to ambient condition after 

completing the load cycle at 3 hours of heating, and heated/loaded to the next temperature/load 

level. 

The first three load cycles were performed at ambient temperature and the load levels corresponded 

to 25, 50 and 75% of the estimated specimen strength, Fn (Cycles 1, 2, 3). For SC-WP-H, Fn is the 

force corresponding to the compression yield moment (Myc) [69]. For SC-W-H, Fn is the force  

corresponding to the nominal shear strength of the specimen, based on AISC N690s1 [26] Equation 

A-N9-19. The initial cycles were performed to investigate the ambient response of the wall pre-



 

 
 

 

 

 

  

 

   

   

 

  

 

   

 

  

  

  

153 

and post-concrete cracking and before faceplate yielding, and to compare the ambient response 

with response under accident thermal loads. The ambient cycles were followed with heated load 

cycles by subjecting the faceplate to surface temperature of 149°C for 1 and 3 hours (Cycles 4, 5). 

Similar load cycles were conducted for surface temperature of 232°C (Cycles 6 and 7). The test 

was switched to displacement controlled loading in the remaining load cycles. The yield  

displacement (∆y) was estimated as the displacement corresponding to the expected strength (Fn) 

of the specimen, based on the secant stiffness observed in Cycles 6 and 7. The test continued with 

displacement cycles at 1.0∆y (Cycles 8, 9), 1.5∆y (Cycles 10, 11). For specimen SC-W-H, 

additional ambient loading cycles (9b and 11b) were performed after the heated cycles at target 

displacement levels of 1.0∆y and 1.5∆y to verify if there is an increase in the specimen stiffness 

post-cooling. The ambient specimen (SC-WP-C) was subjected to two loading cycles at each target 

force or displacement level. The loading and heating cycles following the cycles mentioned in 

Table 5.2 were decided based on the post-peak response of the specimens. Figure 5.6 presents the 

loading and heating time history for specimen SC-WP-H. The history is consistent with the loading 

and heating protocol presented in Table 5.2. Post 1.5∆y displacement cycles, the specimen was 

subjected to 2.0∆y displacement with the surface temperatures maintained at 232oC for a duration 

of 4 hours. Figure 5.7 presents the loading and heating time history for specimen SC-W-H. Post 

1.5∆y displacement cycles, the specimen was subjected to 2.0∆y displacement cycles with surface 

temperatures maintained at 232oC for heating durations of 1 hour and 3 hours. 

Design of Test Setup 

Setup for the experiments was designed based on the specimen details, design in-plane capacity of 

the specimens, and the magnitude and duration of thermal loading to be applied. Figure 5.8 

presents the 3D rendering of the test setup (for SC wall pier specimens) with all the components 
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of the test setup (ceramic heaters for applying the thermal loading not shown). Test assembly with 

the SC wall pier specimen installed is presented in Figure 5.9a. The heaters were installed on the 

faceplates as shown in Figure 5.9b. The same test assembly was used for SC-W-H specimen. For 

SC-W-H, heaters were installed on the faceplates (webplates) and the flangeplates. The setup can 

be categorized as follows. 

In-Plane Loading: Cyclic in-plane loading was applied by two double acting hydraulic rams 

(Enerpac RR50012). The hydraulic rams were each capable of exerting a force of magnitude 565 

ton (1130 kips) in push and 314 ton (628 kips) in pull. The actuators were post-tensioned to a 

reaction wall through clevises and a built-up wall box. The actuators applied load to the specimens 

through a loading beam, in end bearing and bearing at holes in the specimens. 

Foundation Block and Specimen Connection: The SC-WP steel assembly (faceplates without 

concrete infill) were welded to a re-usable base plate that was centered on top of the foundation 

block. Baseplate and foundation block details have been discussed previously in Section 3.2. For 

SC-W specimen (with flangeplates), the steel assembly (with flangeplates, faceplates, studs, and 

ties) was fabricated, and then welded to the re-usable baseplate. The faceplate (and flangeplate) to 

baseplate connection was designed to be stronger than the wall and limited the inelastic action to 

the wall. Weld details for SC wall pier and faceplates of SC wall specimen are shown in Figure 

3.6. Weld details for flangeplate-to-baseplate connection are shown in Figure 5.4b. Concrete was 

poured into the assembly after the assembly had been welded to the baseplate. 
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Thermal Loading: Heating equipment employed for these experiments has previously been 

successfully used for conducting fire testing of structural elements (CFT columns, beam-columns, 

slabs, and connections) at Purdue University ([27]–[31]). Accident thermal loading was applied 

using high-temperature ceramic-fiber radiant heating panels. The heaters were manufactured by 

Watlow Electric Manufacturing Company. Each heater panel consisted of a flat heating element, 

ceramic fiber insulation, and a custom built outer metal casing. The metal casing could be used for 

mounting different configurations and numbers of panels on the test setup, allowing for flexibility 

in the implementation of heating. Heaters were placed close to the specimen surface using springs 

that held the heaters together (as shown in Figure 5.9b). White fiberglass insulation was used to 

reduce heat losses during the experiments. The insulation was placed between the edges of the 

heaters and the specimens. Each heater was controlled individually and operated on a feedback 

control loop that referenced a thermocouple attached to the heated surface of the specimens. The 

heating was controlled using the PID-Controller of the heaters and software package SpecView 

[126]. SpecView provides a graphical user interface for controlling and monitoring the heaters 

based on the surface temperature and the specified temperature. The software controls the amount 

of power input to the heaters based on the difference in surface temperature and the specified 

temperature. 

Instrumentation of Specimens 

Figure 5.10 to Figure 5.14 present the instrumentation and heater layout for SC-WP-H specimen. 

High-temperature strain gauges (ZF series manufactured by TML Ltd.) were employed to measure 

the strains. Since the response of the wall piers was expected to be flexure controlled, strain gauges 

were installed in the bottom region of the faceplates (as shown in Figure 5.10). Strain gauge 

rosettes were installed to obtain shear strain values for the wall pier. Displacement sensors (SPs in 
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Figure 5.11) were used to measure the in-plane displacement of the top, mid-height, and bottom 

of the wall. The displacement measurements were employed to obtain in-plane force-displacement 

response of the specimen, and in-plane base slip corrections. Rotation meter (clinometer) was 

installed at the base of the wall in the in-plane direction (CM1 in Figure 5.11). For SC-WP-C, 

another clinometer was installed in the in-plane direction 51 mm (2 in.) above the baseplate. The 

clinometer data was used to obtain base rotation correction values for specimen displacement. For 

redundancy, two sets of displacement measurements were recorded at each location.

 Figure 5.12 presents the heater assembly layout and the details of thermocouples installed on the 

surface of the specimen. Region of the faceplates between the base and the loading beam [610 mm 

(24 in.)] was heated. The heater assembly for each faceplate consisted of four heaters. Sets of two 

thermocouples (STs in the figure) was installed on the faceplates at locations corresponding to the 

center of each heater. One of the thermocouples (e.g., ST1) was connected to the control program 

to monitor and control the heaters and the surface temperatures. The second thermocouple (e.g., 

ST2) was connected to the data acquisition system to record the surface temperature data. Type-K 

thermocouples capable of measuring temperatures up to 1250˚C were used for the experiments. 

The thermocouples were spot-welded to the faceplates using a portable strain-gauge welder, and 

the thermocouple junctions were protected and insulated with the Omega high-temperature cement. 

Dimensions of heaters for the heater assembly and the locations of surface thermocouples for East 

and West Faceplates are shown in Figure 5.13. An important objective of the experiments was to 

obtain the evolution of non-linear thermal gradients through the thickness of the specimens as the 

surface was subjected to accident temperature histories. Figure 5.14 shows the thermocouple tree 

layout for SC-WP-H specimen. A thermocouple tree consisted of five thermocouples welded on a 

steel rod. The steel rod was then either left hanging in the steel assembly before concrete was 
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poured (CTs), or the thermocouples were installed on a tie bar (TTs). Multiple thermocouple trees 

were embedded in concrete to obtain redundant temperature data. 

Instrumentation details for SC-W-H specimen are presented in Figure 5.15 to Figure 5.20. High-

temperature strain gauges were installed on the inner and outer faces of the flangeplates to obtain 

flexural strain values and to check for any buckling the flangeplates (Figure 5.15). Since the 

response of SC-W-H was expected to be shear dominated, numerous strain gauge rosettes were 

installed on the faceplates to enable measurement of shear strain data (Figure 5.16 and Figure 5.17). 

Figure 5.18 shows the details of the displacement sensor layout for the specimen. The displacement 

measurements were used to obtain the in-plane force-displacement response of the specimen, and 

in-plane base slip corrections (and to back-calculate the flexural deformation of SC wall). Rotation 

meters (clinometers) were installed at the base of the wall in the in-plane (CM1 and CM2) and out-

of-plane (CM3) direction. The in-plane rotation data was used to apply base rotation corrections 

to in-plane force-displacement plots. Layout of the heater assembly and surface thermocouples is 

also presented in the figure. Details of the heater assembly and surface thermocouple locations are 

presented in Figure 5.19. Details of the thermocouple trees, with heaters overlaid, are presented in 

Figure 5.20.

 Construction Sequence 

Construction sequence of SC wall pier specimen was similar to that for biaxially loaded specimens 

(discussed in Section 3.4). Figure 5.21 shows the faceplate after installation of shear studs and 

strain gauges. The ties were placed to receive the other faceplate, and assemble the steel. After the 

faceplates were assembled, the empty wall pier was placed on the re-usable baseplate, and 

faceplates were welded to the baseplate. Figure 5.22 shows the welding in progress. The interior 

region of faceplate was welded to the baseplate in multiple passes using a semi-automated welding 
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process. The corners were then welded manually. Concrete was poured after the weld cooled down. 

Since the specimens were scaled, pea-gravel concrete mix was used. Figure 5.23 presents the 

slump measurements performed before concrete pouring. Once the concrete hardened, 

instrumentation was installed. Figure 5.24 shows the specimen post installation of surface 

thermocouples and external strain gauges. Wires for the sensors were insulated using sheathing 

and insulating fiberglass wool. Figure 5.25 shows the specimen after the heater assembly (as 

discussed in Section 5.3) was installed, and instrumentation completed. 

For SC wall specimen, the studs were shot into the faceplates and flangeplates, and strain gauges 

were installed on the interior surface. The steel assembly was then fabricated, by welding the 

faceplates and flangeplates. Figure 5.26 and Figure 5.27 show the welded steel assembly. 

Faceplates had transfer bars welded at base to enable welding to the baseplate. Flangeplates were 

also beveled for the same purpose. Hollow steel pipes, that enable the threaded bars for in-plane 

loading beam to pass through the specimen, were also welded to the faceplates. The steel assembly 

was then welded to the baseplate. Figure 5.28 shows the welding of faceplate to baseplate in 

progress. The flangeplate-to-baseplate weld was done manually. The  weld was run out of the  

faceplate to baseplate weld around the corner. Concrete was then poured. Pea-gravel concrete mix 

was used. Figure 5.29 shows the slump measurements before concrete was poured. 

Chapter Summary 

This chapter discussed the design of experiments for SC wall and wall pier specimens subjected 

to combined in-plane and accident thermal loading. The test matrix was designed to evaluate the 

effect of different magnitudes and durations of accident temperatures on the in-plane response of 

wall piers. One SC wall pier and one SC wall specimen were tested for combined in-plane and 

thermal loading. Wall pier specimen was designed to have a flexure-controlled response (aspect 
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ratio of 0.6). The wall specimen was designed to undergo in-plane shear failure. Two temperature 

magnitudes (149˚C and 232˚C) and two heating durations (1-hour and 3 hours) were selected. The 

specimens were subjected to heating and loading cycles. SC wall pier specimen was subjected to 

heating on the faceplates. SC wall specimen was subjected to heating on the faceplates (webplate) 

and flangeplates. The test setup was designed based on the expected in-plane capacity of the 

specimens. Clevis with press-fit spherical plain bearings was designed and fabricated to enable 

orthogonal deformations of the specimens without resulting in stresses in the loading rams. The 

test measurements recorded, the basis, purpose, and type of instrumentation employed for the 

measurements are discussed. Heating setup and instrumentation employed for tests is discussed in 

detail. The fabrication and construction sequence of the test setup and specimens is described. 
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Figure 5.1 SC-WP-H: Stud and tie layout details (in mm units) 

Figure 5.2 Lateral load-deformation response of Specimen No. 2 from Kitajima et al. [122] 
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Figure 5.3 Lateral load-deformation response of proposed SC wall specimen (SC-W) 

a) Stud and tie layout details b) Flangeplate-to-baseplate weld details 

Figure 5.4 SC-W-H: Flangeplate details 
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a) Faceplate dimensions 

b) Faceplate stud and tie details 

Figure 5.5 SC-W-H: Faceplate details (in mm units) 
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Figure 5.6 SC-WP-H: Load and temperature time history 

Figure 5.7 SC-W-H: Load and temperature time history 
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Figure 5.8 SC-WP-H: 3D rendering of the test setup without heaters (from [33]) 

a) Without heaters b) Heaters installed 

Figure 5.9 SC-WP-H: Physical test setup 
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Figure 5.10 SC-WP-H: Strain gauge layout 

Figure 5.11 SC-WP-H: Displacement sensors (string pots and clinometers) 

Figure 5.12 SC-WP-H: Heater layout and surface thermocouples 
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Figure 5.13 SC-WP-H: Heater and surface thermocouple details 

Figure 5.14 SC-WP-H: Thermocouple tree layout (with heaters overlaid) 
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Figure 5.15 SC-W-H: Flangeplate strain gauge layout 

Figure 5.16 SC-W-H: West faceplate strain gauges, and thermocouple tree layout 
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Figure 5.17 SC-W-H: East faceplate strain gauge layout 

Figure 5.18 SC-W-H: Displacement sensors (string pots and clinometers) and heater layout 
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Figure 5.19 SC-W-H: Heater and surface thermocouple details 

Figure 5.20 SC-W-H: Thermocouple tree details (with heaters overlaid) 



 

 
 

 

 
 

 
 

170 

Figure 5.21 SC-WP-H: Faceplate with studs and strain gauges installed 

Figure 5.22 SC-WP-H: Faceplate-to-baseplate welding in progress 
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Figure 5.23 SC-WP-H: Measurement of slump before concrete casting 

Figure 5.24 SC-WP-H: Installation of instrumentation post concrete curing 
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Figure 5.25 SC-WP-H: Heater assembly installed 

Figure 5.26 SC-W-H: Welded steel assembly 
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Figure 5.27 SC-W-H: Welded steel assembly (another view) 

Figure 5.28 SC-W-H: Faceplate-to-baseplate welding in progress 
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Figure 5.29 SC-W-H: Concrete slump test before casting 
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Table 5.1 Specimen details 

Specimen h (mm) lw (mm) 
T 

(mm) 
tp (mm) tf (mm) h/lw ρ

 s

/T s/tp sf/tf S/T Fyw (MPa)
 F

yf (MPa) f'c (MPa) Tmax (˚C) 

SC-WP-C 914 1524 305 4.8 -NA- 0.6 0.031 0.33 21 -N.A.- 1.0 393 -NA- 40 -NA- 

SC-WP-H 914 1524 305 4.8 -NA- 0.6 0.031 0.25 16 -N.A.- 0.5 331 -NA- 38 232 

SC-W-H 914 1219 254 2.64 19 0.75 0.021 0.25 24 3.33 0.5 396 413 44 232 
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Table 5.2 Loading and heating protocol for heated specimens 

Cycle No. 
Surface Temperature 

(˚C) 

Heating Duration 

(hours) 

Target Force/ Displacement 

Level 

1 Ambient -NA- 0.25Fn 

2 Ambient -NA- 0.5Fn 

3 Ambient -NA- 0.75Fn 

4 149 1 0.75Fn 

5 149 3 0.75Fn 

6 232 1 0.75Fn 

7 232 3 0.75Fn 

8 232 1 1.0∆y 

9 232 3 1.0∆y 

9b* Ambient -NA- 1.0∆y 

10 232 1 1.5∆y 

11 232 3 1.5∆y 

11b* Ambient -NA- 1.5∆y 

*Cycles conducted only for SC-W specimen 
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6. SC STRUCTURES SUBJECTED TO SEISMIC AND THERMAL 
LOADS: EXPERIMENTAL RESULTS 

Experimental studies were conducted to evaluate the in-plane (seismic) response of SC walls and 

wall piers subjected to accident thermal loadings. Two SC wall pier specimens were tested. One 

specimen (control specimen) was subjected to cyclic in-plane loading (no accident thermal 

loading). Control specimen for first series of experiments (SC-T-C, as discussed in Chapter 3 and 

Chapter 4) was also considered as the control specimen for SC wall piers subjected to seismic and 

thermal loads. Design and experimental results for control specimen were discussed in detail by 

Kurt [33] (Specimen SC 8). The second SC wall pier specimen was subjected to a combination of 

seismic and accident thermal loading. One SC wall specimen was tested. The SC wall specimen 

was subjected to a combination of seismic and accident thermal loading. 

This chapter presents the experimentally observed behavior of the specimens. The measured day-

of-test properties for the specimens are summarized in Table 5.1. Concrete uniaxial compressive 

strength was obtained from cylinders cast along with the specimen. The cylinders were 100 mm 

in diameter and 200 mm in height and were tested in accordance with ASTM C39 [125]. Concrete 

strengths presented in the table are the average strengths obtained from cylinders on the day of 

testing. For SC wall piers, faceplate strength was obtained from tension coupons prepared from 

samples taken, and tested. The average of faceplate strengths obtained from the tests are mentioned 

in the table. For SC wall specimen, certified mill test reports (CMTRs) were obtained for the  

faceplates, and the values mentioned in the table are based on the CMTRs. The behavior of SC 

wall pier control (SC-WP-C) and heated (SC-WP-H) specimens is discussed, followed by the 

behavior of SC wall (SC-W-H) specimen. 

The chapter is organized into following sections. 
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 SC-WP-C: In-plane response of control wall pier specimen (with no thermal loading) is 

summarized. A discussion is provided on the uncorrected and corrected secant stiffness of 

the specimen. 

 SC-WP-H: In-plane response of wall pier specimen subjected to two temperature 

magnitudes and durations is presented. Strength and stiffness response of the specimen is 

compared with that for SC-WP-C. 

 SC-W-H: In-plane response of wall specimen subjected to two temperature magnitudes 

and durations is presented. A discussion on shear and secant stiffness of the specimen is 

provided. 

 Evaluation of SC wall and wall pier behavior: The effect of thermal loads on the in-plane 

response of wall and wall pier specimens is evaluated. 

Specimen SC-WP-C 

Specimen SC-WP-C was subjected to cyclic in-plane loading (no heating). Lateral force-top 

displacement response of the specimen is presented in Figure 6.1 (the figure is same as Figure 4.1). 

Detailed experimental evaluation of the specimen is presented in Kurt et al [69] and Kurt [33] 

(specimen SC 8). Failure load for the specimen was measured as 3200-kN (720 kips) on North-

direction (+). The measured value in the South direction (-) was 3030-kN (680 kips), giving an 

average failure load for in-plane shear as 3115-kN. The peak in-plane force was approximately 

equal to the force corresponding to compression yield moment for the specimen (VMyc). The figure 

also presents the progression of damage to the specimen. The flexural failure of the specimen was 

initiated by crushing and spalling of the concrete in compression, accompanied by local buckling 

of the steel plates in compression, and base metal (faceplate) weld rupture. The specimen did not 

reach its plastic moment capacity as it failed due to the weld rupture. 
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Figure 6.2 presents the reduction in secant stiffness (Ksec) of the specimen with load cycles. The 

stiffness presented is the average of push (+) and pull (-) cycle secant stiffnesses. Secant stiffness 

is calculated using the peak loads and the corresponding displacement values for a cycle. 

Uncorrected stiffness is obtained from the displacement measured at the top of the wall (914 mm 

from base). Displacement at the top will include the displacement due to slip at base, and base 

rotation. ‘Corrected1’ stiffness includes the corrections due to base slip and base rotation. Since 

the wall piers have a flexure-controlled response, lateral loading will result in cracking at the base. 

‘Corrected2’ stiffness includes the correction in displacement due to slip at base and rotation 51 

mm above the base (with an intent to evaluate the reduction in stiffness due to concrete cracking 

at the base of the wall). Figure 6.3 presents the uncorrected and corrected force-displacement 

response of the specimen for first y cycle. It is observed that the stiffness of the specimen is 

significantly higher when the base corrections are applied. Theoretical cracked stiffness (Kcr) is 

also plotted in Figure 6.2. Kcr is calculated considering the cracked flexural stiffness (EIcr) and 

cracked shear stiffness (GAcr). EIcr is obtained corresponding to the neutral axis location for 

compression yield moment (Myc). GAcr is calculated as discussed in Section 4.5.2 (considered as 

the sum of steel shear stiffness,  GsAs, and effective concrete shear stiffness, 0.25GcAc
uncr). It is 

observed that uncracked stiffness is not manifest in the wall. A comparison of Corrected1 and 

Corrected2 stiffnesses indicates that bulk of the reduction in stiffness of the wall piers was due to 

the cracking at base (up to 50% reduction). However, since the flexure-controlled wall piers will 

be subjected to cracking at the base, Corrected2 stiffness can only be considered for analysis or 

design when the wall-to-base connection is modeled using flexural stiffness springs. The 

magnitude of base slip and base rotation will depend on the foundation and anchorage connection 

design, and will typically be negligible for physical structures. Therefore, Corrected1 stiffness is 



 

 
 

    

 

 

 

 

 

 

    

 

 

  

   

    

 

180 

a realistic measure of the wall stiffness. It is observed that the stiffness for first cycle (Corrected1) 

is equal to 1.2Kcr. The stiffness of the specimen corresponding to 0.75Fn cycles is 88% of the 

cracked stiffness. 

Specimen SC-WP-H 

SC-WP-H was subjected to the heating and loading protocol presented in Table 5.2. Figure 6.4 

and Figure 6.5 present the evolution of through-thickness temperature profiles for surface 

temperatures of 149˚C and 232˚C respectively. The temperature profiles are obtained from the 

surface thermocouples (STs in Figure 5.12 and Figure 5.13) and the thermocouple trees (CTs and 

TTs in Figure 5.14) embedded in concrete. For a surface temperature of 149˚C, the non-linear 

thermal gradients are lower in comparison to the case with surface at 232˚C, and reduce 

significantly as the duration of heating continues (at 3 hours of heating, center of the wall is at 

about 110˚C). A significant thermal gradient exists through the wall when the surface is at 232˚C 

(at 3 hours of heating, center of the wall is at about 125˚C). Higher non-linear thermal gradients 

are expected to result in more concrete cracking and reduction in the stiffness. Considering a 

parabolic thermal gradient, the average concrete temperatures are 130˚C and 160˚C for surface 

temperatures of 149˚C and 232˚C respectively. 

Figure 6.6 presents the in-plane force-top displacement response of SC-WP-H. The ambient and 

heated cycles have been shown in different colors. Average peak strength of SC-WP-H was 3300-

kN (+3265kN/-3341kN), as compared to 3115-kN (+3200kN/-3030kN) observed for SC-WP-C. 

SC-WP-C failed due to faceplate rupture during the 2∆y cycle (upon reaching VMyc). SC-WP-H 

reached a peak load of 1.25VMyc, and then failed due to faceplate rupture during the next cycle (the 

failure cycle is not shown in the figure). SC-WP-H failed at a drift ratio of 1.3% compared to 1.2% 



 

 
 

  

   

 

 

   

  

 

  

 

   

 

 

 

 

181 

for SC-WP-C. A comparison of 0.75Fn ambient and heated cycles (about 1800-kN force) indicates 

that there is a reduction in specimen stiffness due to thermal loading. To look closely into the 

stiffness reduction, 0.75Fn cycles are plotted separately in Figure 6.7. The heated cycles had lower 

stiffness than the ambient cycle. Reduction in the stiffness was higher for surface temperature of 

232˚C. Additionally, the 3-hour duration heated cycles were marginally stiffer than the 

corresponding 1-hour duration heated cycles. For typical accident thermal temperatures, reduction 

in steel [5% reduction for 149˚C and 13% reduction for 232˚C, per AISC 360 [116]] and concrete 

modulus of elasticity [12% reduction for 130˚C and 18% reduction for 160˚C, per AISC 360 [116]] 

will contribute to reduction in experimental stiffness. Thus, for heated cycles, the stiffness 

reduction is due to combination of thermally-induced concrete cracking and reduction in flexural 

and shear moduli at elevated temperatures. 

Figure 6.8 presents the lateral force-vertical normal strain plot for 0.5Fn and 0.75Fn ambient cycles. 

For SC-WP-H, strain gauges S1 and S9 were installed on the North and South corners of the East 

faceplate (Figure 5.10). S20 was installed on the West faceplate at the location corresponding to 

S9 on the East side. The yield strain for the faceplates (1655 is also plotted in the figure. The 

faceplates did not undergo any yielding for the 0.5Fn cycle. For 0.75Fn cycle, the faceplates started 

yielding in tension. However, there was still no compression yielding in the faceplates. 

Figure 6.9 to Figure 6.17 show the progression of damage in the specimen. In-plane loading (at 

ambient temperature) resulted in flexural cracking in the wall. Figure 6.9 shows the flexural 

cracking observed in the specimen at the end of 0.5Fn cycle. Application of thermal loading 

resulted in loss of moisture from the specimen during the initial heating. Moisture oozing out of 

the cracks can be observed in Figure 6.10 and Figure 6.11. Thermal loading resulted in increased 

crack-widths and additional cracking in the specimen. Some of the cracks observed were vertical 
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or diagonal cracks (Figure 6.12). Compression faceplate yielding was observed in ∆y cycle.  

Additionally, the specimen did not lose any additional moisture in post-yield cycles, and  the  

flexural cracks started widening (Figure 6.13). Compression buckling of faceplates was first 

observed in 2y cycle, and was accompanied by further widening of concrete cracks in tension 

(Figure 6.14). The flexural failure of SC-WP-H was initiated by extensive spalling of the concrete, 

accompanied by local buckling of the faceplates in compression, and faceplate rupture in tension. 

Faceplate rupture and concrete spalling, and faceplate compression buckling at failure can be seen 

in Figure 6.15. The test was stopped after the faceplate ruptured all through the length of the 

specimen (Figure 6.16). Top and bottom portions of the ruptured specimen are shown in Figure 

6.17. Faceplate rupture plane, and the damage to concrete due to cyclic-in-plane loading can be 

seen in the figure. 

Since the concrete and steel strengths were different for SC-WP-C and SC-WP-H specimens 

(Table 5.1), response of the specimens needs to be normalized in order to be compared. Normalized 

in-plane force-top displacement response of SC-WP-H is compared with that of SC-WP-C in 

Figure 6.18. The applied lateral force (Vapp) is normalized with force corresponding to compression 

yield moment (VMyc, based on [69]). SC-WP-C failed due to faceplate rupture during the 2∆y cycle 

(upon reaching VMyc). SC-WP-H reached a peak load of 1.25VMyc and then failed due to faceplate 

rupture. SC-WP-H failed at a drift ratio of 1.3%, compared to 1.2% for SC-WP-C. A comparison 

of experimental response of SC-WP-C and SC-WP-H indicates that typical accident temperatures 

do not significantly affect the strength and post-peak behavior of SC wall piers. SC-WP-H reached 

a peak load 25% greater than the compression yield moment capacity. However, post-heating 

stiffness of SC-WP-H was lower than SC-WP-C stiffness, and SC-WP-H ambient stiffness. The 

reduction in stiffness is apparent from the comparison of SC-WP-H cycles at similar displacement 
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or force levels (Figure 6.7). Post-yield stiffnesses of SC-WP-H and SC-WP-C specimens are 

compared in Figure 6.19. The figure compares 1.5y cycles for the two specimens. SC-WP-H 

specimen has lower stiffness than SC-WP-C due to additional cracking caused by accident thermal 

loads. 

Due to differences in steel and concrete strengths for SC-WP-C and SC-WP-H specimens, the 

stiffness comparisons need to be made using normalized values. Figure 6.20 shows the comparison 

of normalized wall stiffness degradation in SC-WP specimens. The secant stiffness (Ksec) is the 

average of stiffness values for push (+) and pull (-) cycles. Stiffness for a cycle is calculated from 

the peak forces and corresponding displacement values for the cycle. The secant stiffness is 

normalized with wall cracked stiffness (Kcr, calculated as discussed for SC-WP-C, in Section 6.1 

and Section 4.5.2). The displacement is corrected for base slip and base rotation (similar to 

Corrected1 stiffness in Figure 6.2). For SC-WP-C, stiffness for the first cycle at  a  

force/displacement level is plotted. For SC-WP-H, stiffnesses for all load cycles are plotted. 

Uncracked stiffness is not manifest in the specimens. Normalized stiffness for ambient 0.25Fn 

cycle for SC-WP-H is higher than the corresponding stiffness for SC-WP-C. This may be due to 

more cracking at the base for SC-WP-C. Stiffnesses for both the specimens are close to Kcr for 

0.5Fn cycles (1.1 Kcr for SC-WP-C and 0.9 Kcr for SC-WP-H), as flexural cracks develop in the 

specimens. The stiffnesses for 0.75Fn ambient cycles are similar for both specimens (about 0.8Kcr). 

However, stiffness for SC-WP-H drops significantly as thermal loads are applied. There is 20% 

reduction for 149˚C and 40% reduction for 232˚C, in comparison to normalized ambient 0.75Fn 

cycle stiffness. A higher magnitude of temperature results in more reduction in stiffness. The 

reduction in normalized stiffness can also be obtained considering temperature-dependent elastic 

and shear moduli for steel and concrete (percentage reduction for typical accident temperatures 
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has been discussed previously in Section 2.6.1). The normalized stiffness (considering temperature 

dependent properties) would provide an estimate of stiffness reduction due to thermally-induced 

cracking. Considering temperature dependent properties, there is 11% reduction for 149˚C and 23% 

reduction for 232˚C, in comparison to normalized ambient 0.75Fn cycle stiffness Thus for typical 

accident temperatures, the contribution of reduced elastic and shear moduli to stiffness reduction 

is about 50% of the overall stiffness reduction. For 0.75Fn load level, stiffness for 3-hour duration 

heating cycles is marginally higher than stiffness for 1-hour duration heating cycles. The stiffness 

increases marginally as the non-linear thermal gradient reduces with increase in duration of heating, 

leading to some crack closure. SC-WP-H stiffness for post-yield cycles remains lower than that 

for SC-WP-C. For the 2∆y cycle, the normalized stiffnesses for both the specimens are similar, as 

SC-WP-C witnessed faceplate rupture in the cycle, leading to a reduction in its stiffness. 

Specimen SC-W-H 

Specimen SC-W-H was subjected to the loading and heating protocol presented in Table 5.2. The 

loading and heating history for the specimen is presented in Figure 5.7. Since the specimen was 

heated on all sides (flanges and web both were heated), there was no outlet for heat. This led to a 

sharp rise in the surface temperatures for the first heated cycle (cycle 4, also seen in Figure 5.7). 

However, the temperature was controlled by lowering the surface control temperature for some 

heaters, and the same process was followed for remaining heated cycles. Evolution of through-

thickness temperature profiles (in the central region of the wall) for surface temperatures of 149˚C 

and 232˚C was similar to that observed for SC-WP-H. Figure 6.21 presents the evolution of thermal 

gradient for surface temperature of 232˚C (obtained for CT 6-10 in Figure 5.20). A significant 

thermal gradient exists through the wall thickness, with the center of wall at 124˚C for 3-hour 
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heating duration (corresponding temperature was 125˚C for SC-WP-H). Thermal gradient through 

the wall thickness is expected to result in thermally-induced concrete cracking in the wall. 

Figure 6.22 presents the lateral force-top displacement response of SC-W-H. Ambient and heated 

cycles for the specimen are shown in different colors. The nominal in-plane shear strength (Vn
AISC, 

using measured properties) of the specimen, based on AISC N690s1 [26] provisions, is also plotted 

in the figure. SC-W-H reached an average peak load of 3300-kN (+3360kN/-3240kN). Peak load 

for the specimen was 30% higher than Vn
AISC (2550-kN). The experimental strength was higher 

than Vn
AISC, as AISC conservatively limits the in-plane strength to Von-Mises yielding of the 

faceplates, and does not account for additional strength provided by concrete compression strut 

(discussed previously in Section 2.5, based on [100]). 

Therefore, the strength of SC walls subjected to typical accident temperatures can be 

conservatively estimated using current US code provisions. However, accident thermal loads do 

reduce the stiffness of the specimen. Heated cycles (shown with solid red lines) are softer than the 

corresponding ambient cycles (shown with black dotted lines). To look closely at the stiffness 

reduction due to accident thermal loads, ambient and heated (3-hour duration) 0.75Fn cycles are 

plotted in Figure 6.23. The heated cycles were less stiff than the ambient cycle, and the reduction 

in stiffness was higher for surface temperature of 232˚C. Stiffness reduction in SC-W-H due to 

thermally-induced concrete cracking was consistent with that for SC-WP-H (stiffness reduction 

for SC-WP-H was presented in Figure 6.7) and is discussed in detail later. SC-W-H exhibited 

pinched force-displacement response post-application of thermal loads (as seen in Figure 6.22). 

The extent of pinching was higher than would be typically observed, as the concrete cracks took 

longer to close in compression due to thermal gradients. This resulted in a low stiffness initially, 

and the stiffness increased as the compression force led to closure of thermally-induced cracks. 
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Incremental lateral (in-plane) loading resulted in concrete flexural and shear cracking, followed 

by faceplate yielding in tension. Figure 6.24 presents the lateral force-vertical normal strain 

response of the faceplates for ambient and heated (232˚C-1 hour) 0.75Fn and y cycles (cycle no. 

3, 6, 8 and 9b in Table 5.2). Strain gauges S3 and S10 were located at the base of the wall, between 

the first and second row of studs (shown in Figure 5.16 and Figure 5.17). Faceplates started 

yielding in tension for ambient 0.75Fn cycle. S3 and S10 strains reached peak tensile strains of 

around 2000 incremental tensile strains in S10 and S3 were 2300 and 1750 

respectivelycompared to yield strain of 1980 For 0.75Fn-232˚C-1 hour heated cycle, the 

incremental tensile strains were similar. There was no compression yielding in the faceplates for 

0.75Fn cycles. For y heated and ambient cycles, the faceplate tensile strains exceeded the yield 

strain. However, there was no compression yielding in the faceplates. Since the specimen was 

designed to have a shear failure, the flangeplates were not expected to yield till after the y cycles. 

Figure 6.25 presents the lateral force-vertical normal strain response of the flangeplates for 

ambient 0.75Fn, y and 1.5y cycles (Cycle No. 3, 9b, 11b in Table 5.2). Since the incremental 

faceplate strains for ambient and heated cycles were similar (Figure 6.24), only the ambient cycle 

strains have been plotted in Figure 6.25. Strain gauges S45 (East flangeplate) and S47 (West 

flangeplate) were installed between the first two rows of studs on flangeplates, at 125 mm from 

the base (shown in Figure 5.15). Flangeplates did not undergo yielding for the cycles shown in the 

figure (tensile and compressive strains were lower than yield strain, 2070However, a reversal 

of strains was observed for 1.5y cycle (encircled in the figure). Since the flange plate studs were 

detailed to ensure that slenderness criterion of AISC N690s1 [26] was satisfied, the flangeplates 

were not expected to undergo buckling before compression yielding. However, as the lateral load 

increased and faceplates yielded in compression, the magnitude of concrete compression strut 
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force (anchoring in at the faceplate-flangeplate-baseplate joint) increased. This compression strut, 

coupled with the flangeplate compressive force, forced the flangeplate (and faceplates near corners) 

to bulge out between the bottom two rows of studs. The flangeplate bulging out resulted in a 

reversal of strains on the exterior face of flangeplates. 

The concrete compression strut also produced additional stresses in the faceplate-flangeplate-

baseplate weld. The weld (detail shown in Figure 6.26) was a highly constrained weld with 

discontinuity. Additional stresses at the weld location resulted in the initiation of weld fracture at 

the faceplate-flangeplate-baseplate joint during the second 2y cycle (cycle 13). Weld fracture at 

South-West corner of the specimen is shown in Figure 6.27. The fracture progressed upwards into 

the faceplate-flangeplate weld, and downwards into the flangeplate-baseplate weld (as seen in 

Figure 6.27 and Figure 6.28). Similar initiation of fracture was observed at other corners of the 

specimens (Figure 6.29). This fracture resulted in faceplate and flangeplate rupture, and failure of 

the specimen in the next cycle. Steel rupture of the specimen is shown in Figure 6.30 and Figure 

6.31. The weld fracture propagated to fracture the flangeplate weld, and then ruptured the 

faceplates. The bulging of the faceplate near corners due to the concrete compression strut (as 

discussed previously) is also visible in Figure 6.31. Flangeplate weld fracture surface is shown in 

Figure 6.32. The weld failed in brittle Type 1 fracture. Post the failure of the specimen, one of the 

faceplates was cut off to inspect the concrete infill. Figure 6.33 shows the concrete cracking and 

damage in the specimen at failure. Concrete infill cracked predominantly in shear (the cracking 

angle varied between 35 and 45 degrees). Rupture of the faceplates and flangeplate at the base 

during the failure cycle resulted in the concrete infill being pulled in tension (due to bond with 

faceplates and flangeplates) and resulted in tension ‘tearing’ damage to the concrete. Since the 
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specimen failed due to rupture, there was no concrete compression crushing or faceplate shear 

buckling in the specimen. 

Lateral force-top displacement response of the specimen (Figure 6.22 and Figure 6.23) indicated 

a reduction in wall stiffness due to thermal loading. Figure 6.34 shows the response of the specimen 

for y ambient and heated cycles. The ambient cycle was performed after the heated cycles to 

observe any increase in specimen stiffness due to crack closure post-cooling. Consistent with 

observations for pre-yield cycles, the ambient cycle was marginally stiffer than the heated cycle. 

Since the specimen was shear controlled, the effect of thermal loads on the shear stiffness on the 

specimen is of particular interest. Shear stiffness of the wall can be compared with stiffness 

provisions for analysis provided in AISC N690s1 [26]. Per AISC N690s1, shear stiffness of the 

SC wall depends on the magnitude of lateral loading. For lateral loads lower than a cracking 

threshold (Scr
AISC), uncracked shear stiffness (GAuncr

AISC) is considered. For lateral loads greater 

than 2Scr, the stiffness is considered to reduce to cracked secant stiffness (GAcr
AISC, considering 

orthotropic cracked concrete and plane stress steel properties). The stiffness can be linearly 

interpolated between uncracked and cracked stiffness for lateral loads between Scr
AISC and 2Scr

AISC. 

AISC).For accident thermal load combinations, the shear stiffness is considered to be cracked (GAcr 

Figure 6.35 presents in-plane (lateral) force-shear strain response of the specimen (for 0.25Fn and 

0.5Fn cycles). Slope of the response is the experimentally observed shear stiffness and is compared 

with AISC stiffness provisions (force-shear strain plots with slopes corresponding to AISC 

stiffnesses). Force-shear strain plot with slope corresponding to tangent cracked shear stiffness 

(GAcr
TAN) for SC walls is also plotted in the figure (based on [5], [8]). Shear strain for the specimen 

was calculated from strain gauge rosettes (S4-6, S7-9, S13-15, S16-18). Location of strain gauges 

S13-18 is shown in Figure 5.16 and Figure 5.17. Strain values from rosettes were used to obtain 
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principal strains and directions. Shear strain (γxy) was calculated using the principal strains and 

direction. Average shear strain for the four strain gauge rosettes was plotted in Figure 6.35. It was 

observed that the uncracked stiffness was not manifest in the specimen. The specimen developed 

shear cracks at force level approximately equal to Scr, and the stiffness reduced further thereafter. 

AISC).Shear stiffness for the 0.25Fn cycle was approximately equal to cracked secant stiffness (GAcr 

For 0.5Fn cycle, the stiffness dropped below GAcr
AISC. However, the shear stiffnesses for both the 

cycles were higher than the tangent cracked stiffness (GAcr
TAN). Therefore, GAcr

TAN provides a 

lower bound estimate of the shear stiffness of the specimen. AISC recommended secant stiffness 

(GAcr
AISC) is higher than experimentally observed stiffness. This is because the uncracked stiffness 

was not manifest (or the specimen cracked at a low magnitude of lateral force), which makes the 

tangent stiffness a better predictor of the cracked shear stiffness of the specimen. 

Figure 6.36 presents degradation of the experimentally observed shear stiffness of the specimen. 

Experimentally observed shear stiffness is normalized with the cracked tangent stiffness (GAcr
TAN). 

Shear stiffness was obtained from the strain gauge rosettes (as discussed for Figure 6.35). Shear 

stiffness was also obtained from the displacement measurements of the specimen (to cross-check 

the values obtained from strain gauge rosettes, and to obtain stiffness for cycles where strain 

gauges were damaged due to heating). Corrected top displacement (corrected for base slip and 

base rotation) consists of shear and flexural deflection. The flexural deflection can be calculated 

using EIcr (cracked flexural stiffness). For calculation of EIcr, the location of neutral axis is 

considered as one-third of the length of the specimen (consistent with that observed from strain 

gauge data, and cross-section moment-curvature relationship). For heated cycles, the flexural 

stiffness is considered to linearly reduce from EIcr to EIsteel for surface temperature increase (∆T) 

from 0˚C to 150˚C (based on the observations and recommendations discussed later). The shear 
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deflection (and the shear strain) was then calculated by subtracting the flexural deflection from the 

total deflection. The shear stiffnesses obtained from the strain gauges and wall displacement agree 

reasonably for pre-yield cycles. Displacement data stiffness for 0.5Fn is higher than the 

corresponding shear strain stiffness. For 0.75Fn-149˚C cycles, some of the rosettes were damaged 

due to heating, and the average shear strain consists of only the functioning rosettes. For y cycles, 

displacement data stiffnesses are higher as the specimen was undergoing shear yielding, which 

was not considered in displacement data stiffnesses. Based on the comparisons, stiffness obtained 

from the displacement data can be considered (with reasonable accuracy). As observed in Figure 

6.36 and Figure 6.35, shear stiffness for 0.25Fn and 0.5Fn ambient cycles was higher than the 

cracked tangent shear stiffness (GAcr
TAN). 0.75Fn ambient shear stiffness was approximately equal 

to GAcr
TAN. However, the normalized stiffness for 0.75Fn cycles drops considerably as thermal 

loading is applied. The normalized stiffness reduction was 21% for 149˚C and 38% for 232˚C. The 

reduction in normalized stiffness can also be obtained considering temperature-dependent elastic 

and shear moduli for steel and concrete (percentage reduction for typical accident temperatures 

has been discussed previously). The normalized stiffness (considering temperature dependent 

properties) would provide an estimate of stiffness reduction due to thermally-induced cracking. 

Considering temperature dependent properties, the stiffness reduction is 16% for 149˚C and 26% 

for 232˚C, in comparison to normalized ambient 0.75Fn cycle stiffness. Therefore, the shear  

stiffness reduction (below cracked stiffness) due to thermal loading needs to be considered for 

seismic and thermal loading combinations. Based on Figure 6.36, the shear stiffness can be 

considered to linearly reduce from GAcr
TAN to GAsteel for surface temperature increase (∆T) from 

0˚C to 150˚C. This would provide a lower-bound estimate of the shear stiffness, and also negate 

the need for using temperature-dependent properties for typical accident temperatures. 
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Overall stiffness response of the SC wall is a combination of its flexural and shear stiffnesses. As 

for SC-WP specimens, the stiffness degradation of SC-W-H specimen can be compared with 

calculated wall cracked stiffness (Kcr). Figure 6.37 presents the secant stiffness degradation of the 

specimen over the loading and heating cycles. Secant stiffness (Ksec) was calculated as the average 

of push (+) and pull (-) stiffnesses. The push and pull stiffnesses were calculated from the peak 

force and corresponding displacement values (corrected for base slip and base rotation) for a cycle. 

Ksec is normalized with calculated wall cracked stiffness (Kcr). Kcr was calculated considering EIcr 

and GAcr
TAN. EIcr was calculated considering the neutral axis at one-third of the specimen length 

(as discussed previously). GAcr
TAN is the tangent shear stiffness for the SC wall and includes plane 

stress steel and orthotropic cracked concrete contributions. It is observed that uncracked stiffness 

was not manifest in the wall. Stiffness of the wall for 0.25Fn cycle was about 1.9 times Kcr (0.52 

times the uncracked stiffness). Stiffness of the wall reduced for higher lateral loads as the concrete 

developed shear and flexural cracks. Ambient stiffness of the specimen corresponding to 0.75Fn 

cycle was approximately equal to 0.9Kcr. Accident thermal loading reduced the normalized 

stiffness significantly. The reduction in normalized stiffness was 25% for 149˚C and 40% for 

232˚C, in comparison to normalized ambient 0.75Fn cycle stiffness (20% reduction for 149˚C and 

28% reduction for 232˚C, when temperature dependent properties are considered). Contrary to 

observations for SC-WP specimen, the 0.75Fn-3 hour stiffness is lower than stiffness for 

corresponding 1-hour duration heating cycles. This may be because, for some of the push cycles, 

string pot showed no movement for loads up to 250-kN (can also be seen in Figure 6.34). To 

evaluate the stiffnesses further, the pull (-) stiffness degradation was plotted, and is shown in 

Figure 6.38. It is observed that the stiffness degradation trend for pull cycles is consistent with SC-

WP specimens, i.e., the 3-hour stiffnesses were marginally higher than 1-hour stiffnesses. The 
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stiffness increased marginally as the non-linear thermal gradient reduced with an increase in  

duration of heating, leading to some crack closure. The effect of temperature magnitudes and 

heating duration on stiffness degradation of SC-W-H is consistent with that observed for SC-WP-

H. For y and 1.5y displacement levels, ambient cycles were performed after the heated cycles 

(the specimen was allowed to cool down) to evaluate the change in stiffness upon closure of 

thermal cracks. The normalized ambient stiffness for y cycle is higher (both in Figure 6.37 and 

Figure 6.38) than normalized heated stiffness (ambient stiffness is 20% higher than the heated  

stiffness). Similarly, for 1.5y cycle, the ambient stiffness is marginally higher than heated 

stiffness. 

Evaluation of Wall and Wall Pier Behavior and Recommendations 

Test matrix for SC specimens subjected to a combination of accident thermal and seismic loads 

consisted of two SC wall pier (without boundary elements) specimens [one control (SC-WP-C) 

and one heated specimen (SC-WP-H)], and one SC wall (with flange walls) specimen (heated 

specimen, SC-W-H). The SC wall pier specimens (aspect ratio of 0.6) were flexure controlled. The 

SC wall specimen was designed to have a shear dominated response. The specimens were 

subjected to cyclic lateral loading in combination with accident thermal loading. Two surface 

temperature magnitudes (149˚C and 232˚C) and two heating durations (1 hour and 3 hours) were 

selected for application of thermal loads. A non-linear thermal gradient developed through the wall 

thickness due to thermal loads. The extent of non-linearity reduced as the duration of heating 

increased. The thermal gradient was higher for surface temperature of 232˚C. Centre of the 

specimens was at about 125˚C corresponding to a surface temperature of 232˚C, and a heating 
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duration of 3 hours. The non-linear thermal gradient results in concrete-cracking due to self-

restraint and external restraints, which reduces the stiffness of the specimens. 

Table 6.1 presents the measured initial (Kin) and secant (Ksec) stiffnesses of the specimens. The 

table presents the corrected (for base slip and rotation) and uncorrected stiffness (presented in 

parenthesis) for the push (+) and pull (-) cycles. Kin is calculated for the force (and corresponding 

displacement) levels of 224 kN to 445 kN (50 kips to 100 kips) for the first 0.25Fn cycle. Ksec is 

the secant stiffness for the 0.75Fn cycle, calculated from the peak force and corresponding 

displacements. The secant stiffness of the specimens reduced upon application of thermal loads. 

Summary of the experimental results is presented in Table 6.2. The table presents the maximum 

surface temperature (Tmax), measured lateral strength (Vn-ip) and the ratio of measured strength with 

nominal strength (using measured properties). For SC wall piers, measured strength (Vn-ip) is 

normalized with a lateral force corresponding to compression yielding (of faceplates) moment 

(VMyc). For SC walls, the measured strength (Vn-ip) is normalized with in-plane shear strength per 

AISC N690s1 [26] (Vn
AISC). Measured strength for SC-WP-H was 1.25VMyc. Similarly, the peak 

strength for SC-W-H was about 1.29Vn
AISC. Based on the experimental results, the strength of 

specimens subjected to typical accident thermal temperatures and durations can be conservatively 

estimated using existing strength equations (per US codes) for ambient conditions. 

Table 6.2 also presents the normalized initial (Kin) and secant stiffnesses (Ksec), and the failure drift 

ratio for the specimens. The initial and secant stiffness values considered are average of push (+) 

and pull (-) cycle values. Initial stiffness of the specimens is normalized with theoretical uncracked 

stiffness (Kuncr) for the specimens. Kuncr is calculated considering uncracked shear and flexural 

stiffnesses of the specimens. Experimental results indicate that uncracked stiffness was not 

manifest in SC wall and wall pier specimens. This may be due to shrinkage cracking in the 



 

 
 

 

  

   

  

    

   

  

 

  

  

 

 

  

 

  

  

 

194 

specimens, and the cracking of specimens at low magnitude of lateral loads. Secant stiffness of the 

specimens is normalized with theoretical cracked stiffness (Kcr) of the specimens. As discussed 

previously (Sections 4.5.2, 6.1 and 6.2), for SC wall piers Kcr can be calculated considering EIcr 

(for neutral axis location corresponding to compression faceplate yielding moment, Myc), and GAcr 

(sum of steel shear stiffness and effective concrete shear stiffness). For SC walls, Kcr can be 

calculated considering EIcr [the neutral axis location can be calculated from moment-curvature 

relationship, e.g., for SC-W-H specimen the neutral axis was considered at one-third the length of 

the wall (consistent with strain gauge readings)], and GAcr
TAN (considering plane stress steel, and 

orthotropically cracked concrete, as discussed previously). Cracked tangent shear stiffness was 

used because it provided a better estimate of the shear stiffness of the SC wall specimen (in 

comparison to GAcr
AISC). Ambient secant stiffness of SC walls and wall piers can be reasonably 

estimated as Kcr. Accident thermal loads significantly reduce the stiffness of the SC wall and wall 

piers. The extent of reduction in stiffness depends on the temperature magnitude and duration of 

the thermal accident. The heated secant (and shear) stiffness for the SC wall reduces by about 25% 

for 149˚C and 40% for 232˚C, in comparison to ambient secant (and shear) stiffness for the SC 

wall. For SC wall piers, the reduction is about 20% for 149˚C and 40% for 232˚C. The stiffness of 

the specimens increases marginally as the thermal accident duration increases. 

Based on the experimental results, the secant stiffness (flexure and shear stiffness) for shear 

controlled SC walls and flexure controlled SC wall piers can be considered to linearly reduce from 

cracked stiffness to steel-only stiffness for surface temperature change (∆T) from 0˚C to 150˚C. 

The effective in-plane flexural and shear stiffnesses for SC walls and wall piers can be calculated 

as shown in Equations 6.1 and 6.2. 
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ip  EIcr  E Is s 
EIeff  EIcr  T  E Is s Equation 6.1

150 

GAcr  Gs As 
GAeff  GAcr  T  G As s Equation 6.2

150 

Table 6.3 presents the comparison of secant stiffnesses for the specimens normalized with cracked 

stiffnesses (Ksec/Kcr, same as presented in Table 6.2) and recommended effective stiffnesses 

(Ksec/Keff). Keff is calculated considering EIeff
ip and GAeff as recommended in Equations 6.1 and 6.2. 

The secant stiffnesses (ambient and heated) of the specimens can be reasonably estimated using 

the recommendations. Since the recommended reductions provide lower bound estimates of 

stiffness, they eliminate the need to consider temperature dependent properties (for typical accident 

temperatures up to 300˚C). 

Chapter Summary 

This chapter presented the results for SC wall and wall pier specimens subjected to combination 

of accident thermal and in-plane loadings. The specimens were subjected to two magnitudes 

(149˚C and 232˚C) and durations (1-hour and 3 hours) of heating. Accident thermal loading 

resulted in non-linear thermal gradients through the thickness of the specimens. The non-linearity 

of thermal gradients was higher for higher surface temperatures. The gradient reduced as the 

duration of heating increased. The measured in-plane strength of heated wall pier specimen was 

1.25 times the in-plane force corresponding to compression yield moment capacity. Similarly, the 

measured in-plane strength of heated wall specimen was 1.29 times the nominal in-plane shear 

strength (using measured properties) per AISC N690s1. Therefore, typical accident thermal 

temperatures do not significantly reduce the strength of SC walls. The strength can be calculated 

using current strength equations (per US codes) for ambient temperatures. 
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However, non-linear thermal gradients lead to concrete cracking due to external and self-restraint. 

The concrete cracking results in significant reduction in the stiffness of SC walls. The extent of 

reduction in stiffness depends on the temperature magnitude and duration of the thermal accident. 

The heated secant (and shear) stiffness for the SC wall reduces by about 25% for 149˚C and 40% 

for 232˚C, in comparison to ambient secant (and shear) stiffness for the SC wall. For SC wall piers, 

the reduction is about 20% for 149˚C and 40% for 232˚C. The in-plane shear and flexural 

stiffnesses of SC walls can be considered to linearly reduce from cracked stiffness to steel only 

(fully cracked) stiffness for temperature increments (T) of 0˚C to 150˚C. The recommended 

stiffnesses compare reasonably with experimentally observed stiffness for heated cycles. Since the 

recommendations provide a lower bound stiffness, they eliminate the need for considering 

temperature-dependent properties for typical accident temperatures. 
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Figure 6.1 In-plane force-top displacement response of SC-WP-C (same as SC-T-C) 

Figure 6.2 SC-WP-C: Degradation of secant stiffness 
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Figure 6.3 SC-WP-C: Base slip and rotation corrections (for y cycle 1) 
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Figure 6.4 SC-WP-H: Evolution of thermal gradient (for surface temperature of 149˚C) 

Figure 6.5 SC-WP-H: Evolution of thermal gradient (for surface temperature of 232˚C) 
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Figure 6.6 SC-WP-H: In-plane force-top displacement response 

Figure 6.7 SC-WP-H: In-plane force-top displacement response (for 0.75Fn cycles) 



 

 
 

 

 

 

 

 

  

201 

Figure 6.8 SC-WP-H: In-plane force-faceplate strains (F-) for 0.5Fn and 0.75Fn cycles 
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a) North face South face 

Figure 6.9 SC-WP-H: Specimen state at 0.5Fn ambient cycle (cycle no. 2) 
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a) North face b) South face 

Figure 6.10 SC-WP-H: Specimen state at 0.75Fn-149˚C-1 hour cycle (cycle no. 4) 
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a) North face b) South face 

Figure 6.11 SC-WP-H: Specimen state at 0.75Fn-232˚C-1 hour cycle (cycle no. 6) 
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Figure 6.12 SC-WP-H: Specimen state (North face) at y-232˚C-1 hour cycle (cycle no. 8) 
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Figure 6.13 SC-WP-H: Specimen state (South face) at 1.5y-232˚C-1 hour cycle (cycle no. 10) 
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a) North face b) South face 

Figure 6.14 SC-WP-H: Specimen state at 2y-232˚C-4 hour cycle (cycle no. 12) 
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a) North face b) South face 

Figure 6.15 SC-WP-H: Specimen state at failure (cycle no. 13) 
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Figure 6.16 SC-WP-H: Specimen at failure (faceplate rupture) 
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a) Top portion 

b) Bottom portion 

Figure 6.17 SC-WP-H: Specimen state at failure (top and bottom portions) 



 

 
 

 

 

 

 

211 

Figure 6.18 Comparison of in-plane force-top displacement response (SC-WP-C and SC-WP-H) 

Figure 6.19 Comparison of 1.5y cycles (SC-WP-C and SC-WP-H) 



 

 
 

 

 

 

 

212 

Figure 6.20 Comparison of stiffness degradation (SC-WP-C and SC-WP-H) 

Figure 6.21 SC-W-H: Evolution of thermal gradient (for surface temperature of 232˚C) 
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Figure 6.22 SC-W-H: In-plane force-top displacement response 

Figure 6.23 SC-W-H: In-plane force-top displacement response (for 0.75Fn cycles) 
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Figure 6.24 SC-W-H: Faceplate strains (for ambient and heated 0.75Fn and y cycles) 

Figure 6.25 SC-W-H: Flangeplate strains (for ambient 0.75Fn, y, and 1.5y cycles) 
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Figure 6.26. SC-W-H: Faceplate-flangeplate-baseplate weld detail 

Figure 6.27 SC-W-H: Weld fracture at detail A (observed after 2y heated cycles) 
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Figure 6.28 SC-W-H: Weld fracture at detail B (observed after 2y heated cycles) 

Figure 6.29 SC-W-H: Weld fracture initiated at other corners of the specimen (observed after 2y 

heated cycles) 
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Figure 6.30 SC-W-H: East view of specimen after failure (failed during 3y push cycle) 

Figure 6.31 SC-W-H: South-West view of specimen after failure (failed during 3y cycle) 
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Figure 6.32 SC-W-H: Top view of baseplate (specimen removed) 

Figure 6.33 SC-W-H: Concrete cracking and damage at failure (faceplate removed) 
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Figure 6.34 SC-W-H: Comparison of y heated and ambient cycles (ambient cycle conducted 
after heated cycles) 

Figure 6.35 SC-W-H: Shear stiffness comparisons (0.25Fn and 0.5Fn cycles) 
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Figure 6.36 SC-W-H: Shear stiffness degradation 

Figure 6.37 SC-W-H: Secant stiffness degradation 
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Figure 6.38 SC-W-H: Secant stiffness degradation [pull (-) cycles only] 
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Table 6.1 In-Plane stiffness of the specimens 

Specimen 

Initial Stiffness, Kin* (kN/mm) Secant Stiffness, Ksec* (kN/mm) 

Push (+) Pull (-) 
Ambient 149˚C 232˚C 

Push Pull Push Pull Push Pull 

SC-WP-C 1765 (980) 1400 (890) 980 (635) 925 (570) N.A. N.A. N.A. N.A. 

SC-WP-H 2325 (1085) 1745 (725) 775 (550) 890 (550) 655 (495) 665 (450) 550 (430) 510 (380) 

SC-W-H 1410 (750) 1755 (915) 920 (580) 810 (535) 665 (515) 630 (485) 555 (450) 480 (400) 

*Stiffness values in parenthesis are the uncorrected stiffnesses corresponding to measured top displacement (without correcting for the 

slip at the base and rotation at base). 
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Table 6.2 Summary of experimental results 

Specimen 
Tmax 

Vn-ip (kN) 
Vn-ip/VMyc or 

Kin/Kuncr 

Ksec/Kcr Drift ratio 

failure* (%) (˚C) AISC Vn-ip/Vn Ambient 149˚C 232˚C 

SC-WP-C N.A. 3115 1.01 0.38 0.88 N.A. N.A. 1.02 (1.24) 

SC-WP-H 232 3300 1.25 0.50 0.78 0.62 0.50 1.14 (1.32) 

SC-W-H 232 3300 1.29 0.52 0.91 0.68 0.55 1.17 (1.35) 

*The values in parenthesis correspond to top displacement (without correcting for base slip and base rotation) 
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Table 6.3 Comparison of measured and calculated secant stiffnesses 

Specimen 
Ksec/Kcr  Ksec/Keff 

Ambient 149˚C 232˚C Ambient 149˚C 232˚C 

SC-WP-C 0.88 N.A. N.A. 0.88 N.A. N.A. 

SC-WP-H 0.78 0.62 0.50 0.78 0.85 0.76 

SC-W-H 0.91 0.68 0.55 0.91 1.13 1.10 
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7. FIBER MODEL FOR AXIAL FORCE-BIAXIAL MOMENT-SHEAR 
INTERACTION 

The behavior of SC wall piers subjected to biaxial (in-plane and out-of-plane) loading was 

experimentally evaluated in Chapter 4. The response of SC wall piers with an in-plane aspect ratio 

greater than or equal to 0.6 was flexure controlled. The specimens failed due to interaction of in-

plane and out-of-plane moments. Specimen SC-T-2.5Vn was forced to fail in vector shear by 

subjecting it to out-of-plane force of magnitude 2.5 times its nominal out-of-plane shear strength. 

Since the response was flexure controlled, an analytical model was developed and employed to 

obtain biaxial flexure interaction of wall piers [127]. The model was then updated to consider axial 

force-biaxial moment-shear interaction [128]. This chapter discusses the fiber model in detail. The 

chapter is organized into following sections: 

 Development of the model: The algorithm for the model is presented, and the assumptions 

and material properties considered are presented. 

 Validation of the fiber model: The fiber model is validated using strain gauge data from 

biaxial experiments discussed in Chapter 4. 

 Biaxial Moment Interaction: A biaxial moment interaction surface is developed for SC wall 

piers. The interaction surface is compared with experimental results and finite element 

results. 

 Axial force-biaxial moment Interaction: The effect of axial force on biaxial moment 

interaction surface is discussed, and axial force-biaxial moment interaction is defined. 

 Biaxial Moment-shear Interaction: The interaction surface for biaxial moments and shears 

is developed. 
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Development of the Model 

A finite difference based cross-section fiber model was developed to evaluate the interaction of 

forces and moments in SC wall piers. Algorithm for the fiber model is presented in Figure 7.1 and 

Figure 7.2. The part of algorithm presented in Figure 7.1 can be employed to obtain biaxial moment 

interaction surface. The complete algorithm needs to be employed if the axial force-biaxial 

moment-shear interaction is desired. 

Cross-section of the wall is discretized into a two-dimensional fiber mesh, where the element size 

can be defined by the user. The model has currently been setup for rectangular cross-sections but 

can be updated to consider any cross-section. Steel and concrete model properties used for the 

model, and the algorithms for biaxial moment and biaxial moment-shear interactions are discussed 

in the following sub-sections. 

7.1.1 Material Properties 

The uniaxial stress-strain behavior of concrete is shown in Figure 7.3. The concrete contribution 

in tension was conservatively ignored. The uniaxial compressive stress-strain behavior of concrete 

was defined using Popovic’s model [129]. Concrete is considered to reach peak compressive stress 

at a compression strain of 0.0035. The compressive stress then degrades, and failure is considered 

at a strain of 0.005. 

The uniaxial stress-strain behavior of steel is shown in Figure 7.4. Steel is considered elastic-

perfectly plastic in tension (post-yield hardening of steel is conservatively ignored). For 

compression, the buckling of faceplates is considered. Since the faceplate slenderness for 

specimens discussed in Chapter 4 ensures that faceplates yield in compression before local 

buckling (based on [26]), the steel compression stress is modeled to reach yield stress, and then 

degrade to consider buckling. Post-buckling, the stress is considered to reduce by 25% (from Fy to 
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0.75Fy) as the compressive stress increases from εy to 2εy. The stress is then considered to remain 

constant. Experimental results by Zhang [70] indicate that for SC walls meeting the slenderness 

requirements of AISC N690s1 [26], plate buckling was observed at strain (εcr) values greater than 

1.3 times the yield strain (εy). Therefore, the compression buckling behavior considered is 

conservative. Additionally, the peak response of the specimens is expected in strain ranges of 1 to 

2 times the yield strain. Detailed finite element analysis using benchmarked models can be 

conducted to obtain the effective stress-strain response of steel plates (as discussed in [72]). The 

effective stress-strain curves for steel can then be used to define the compression stress-strain curve 

for steel to be used in the fiber model. 

7.1.2 Biaxial Moment Interaction 

Figure 7.1 shows the steps for biaxial moment part of the algorithm. Cross-section and material 

parameters are input into the model, and the cross-section is discretized based on desired fiber 

element size. The element size was set at 4.8 mm along the thickness (faceplate thickness for 

biaxially loaded specimens) and 25.4 mm along the length. The axial load value can be specified, 

or the algorithm can be run for a range of axial force values by setting a loop. The initial trial value 

of the centroidal strain is calculated based on the axial force and stiffness. A range of out-of-plane 

curvatures is provided. For each value of out-of-plane curvature, the fiber model iteratively 

establishes force equilibrium to obtain the in-plane moment-curvature. Error tolerance is set as 1% 

of the applied force or moment. To optimize the run-time of the fiber model, error correction is set 

to dynamically change based on the error trends and number of iterations. Peak in-plane moment 

is recorded for the value of out-of-plane moment corresponding to the out-of-plane curvature. 

Thus, for a range of out-of-plane moments (from out-of-plane curvature inputs), the in-plane 
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moment capacity of the cross-section is obtained. These sets of in-plane and out-of-plane moments 

establish the biaxial moment interaction for the cross-section. 

7.1.3 Biaxial Moment-Shear Interaction 

For SC wall piers with aspect ratios less than 0.6, or for wall piers having shear dominated response 

(e.g., Specimen SC-T-2.5Vn in Chapter 4 was forced to have a shear dominated failure by 

subjecting it to an out-of-plane shear of magnitude 2.5 times its nominal strength), the interaction 

of biaxial moments with vector shears may need to be considered. The biaxial moment interaction 

algorithm discussed in the previous section was updated to consider the shear forces. Figure 7.2 

presents the procedure to consider vector shear failure into the biaxial moment interactions. Once 

equilibrium has been established for a set of values of out-of-plane and in-plane curvatures, and 

the corresponding moments obtained, the in-plane and out-of-plane shear forces are calculated. 

The shear forces are calculated based on the in-plane and out-of-plane aspect ratios (shear span-

to-depth ratios), which are input parameters. 

The out-of-plane shear force (Voop) is considered to be uniformly distributed over the concrete area 

in compression (uncracked concrete). For SC wall piers with ties spaced at greater than half the 

section thickness, the out-of-plane strength is the greater of steel and concrete contributions (per 

AISC N690s1 [26]). Typically, the concrete contribution will be higher than the steel contribution. 

Per ACI 349 [25] just the concrete contribution of concrete is considered to out-of-plane strength 

for ties spaced at greater than half the section thickness. For ties spaced at less than half the section 

thickness, the out-of-plane strength is the sum of steel and concrete contributions. Currently, the 

model conservatively does not consider tie contribution to out-of-plane shear strength. However, 

the tie contribution can be subtracted from the total shear force, and the net shear to be resisted by 

concrete can be uniformly distributed to uncracked concrete. The in-plane shear force (Vip) is 
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distributed between steel plates and concrete in terms of their relative stiffnesses. Steel stiffness is 

calculated based on the shear modulus of steel and cross-sectional area of the plates. Shear stiffness 

of the uncracked concrete in considered. Shear force distribution in steel is considered parabolic. 

For concrete, uniform distribution is considered. 

The uncracked concrete fibers will be subjected to a combination of axial and shear stresses due 

to biaxial moments and  vector shears. Shear failure of concrete  fibers is checked using Mohr-

Coulomb ([130], [131]) interaction surface for axial and shear stresses. Mohr-Coulomb failure 

surface can be expressed as Equation 7.1, where τ is the shear strength of concrete, σ is the normal 

stress, φ is the angle of internal friction and c is cohesion. 

   tan    c    Equation  7.1  

The angle of internal friction and cohesion values for concrete can be obtained from the literature. 

For this model, experimentally determined values by Pul et al.[132] were used. The authors 

conducted direct shear tests on prismatic concrete specimens with varying shear gaps, concrete  

strength, and maximum aggregate size. The values corresponding to compression strength (36 

MPa) and maximum aggregate size (9.5 mm) for SC-0.5T-Vn specimen were selected. The values 

of φ and c used for the model are 34.5-degrees and 7.1 MPa respectively. Based on the Mohr-

Coulomb failure criteria, if the shear stress in a concrete fiber is greater than the shear strength, 

the fiber is considered to have failed and does not resist any normal or shear stress. Stress in steel 

fibers is limited by Von-Mises yielding criteria. The normal stress for steel fibers with Von-Mises 

stress exceeding the yield stress is adjusted to meet the yield criteria. The updated stress states are 

employed to re-establish equilibrium. This process is repeated for all pairs of in-plane and out-of-

plane curvatures to obtain biaxial moment interaction considering shear failure. 
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Model Capabilities and Assumptions 

The fiber model can be employed to obtain the evolution of normal strains and stresses for various 

combinations of axial force and biaxial moments. In-plane moment curvature diagrams can be 

obtained for different values of out-of-plane moments. The evolution of specimen damage can be 

monitored, e.g., faceplate yielding and buckling, concrete crushing, etc. The model can provide 

biaxial moment interaction diagrams for flexure controlled walls. Biaxial moment interaction 

diagrams can also be obtained while accounting for axial force and vector shear. 

Since the cross-section fiber model was intended to serve as a simplistic tool to obtain biaxial 

moment interaction, some simplifications and assumptions have been made. While they have been 

discussed in the previous section, they are summarized again here. 

 Conservatively, hardening is not considered in the steel stress-strain curve. Compression 

buckling is considered to initiate as soon as yield stress in reached (conservative). 

 Conservatively, concrete contribution in tension is not considered. For compression, the 

effect of confinement is not considered (conservative). 

 Out-of-plane shear is considered to be resisted by uncracked portion of concrete infill 

(concrete in compression). The contribution of out-of-plane shear reinforcement is not 

considered (conservative). 

 Concrete fiber elements are considered to resist no axial or shear stress post shear failure 

using Mohr-Coulomb criteria (conservative). 

Validation of Fiber Model 

The fiber model was verified against experimental results from biaxially loaded specimens 

discussed previously (Chapter 4). Strain profiles obtained from the fiber model were compared 

with experimentally observed strains for Specimen SC-0.5T-Vn. Figure 7.5 compares the strains 
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when an out-of-plane load of magnitude 534-kN (120 kips) was applied (with no in-plane loading). 

For fiber model, measured steel and concrete properties for SC-0.5T-Vn were used (provided in 

Table 3.1). Figure 7.5a shows the strain gauge profile for a cross-section at the base of the wall. 

The out-of-plane moment corresponded to a force of 534-kN applied at 381 mm from the base (to 

match the strain gauge locations). A linear strain gradient is observed through the thickness of the 

wall, with peak tensile strains of magnitude 500 and peak compressive strain of magnitude 

(-)200  Figure 7.5b shows the experimental force-strain plot for 534-kN out-of-plane loading 

cycle. Strain gauges shown in the figure are located 76 mm from the base and 38 mm from the 

edge. Strain gauge location is shown in Figure 3.10. The peak tensile strains vary from 250 to 420 

in comparison to 500 from fiber modeland peak compressive strains vary from 100 to 

250 in comparison to 200  from fiber model). The tensile strains from fiber model are higher 

because the model does not consider the concrete contribution in tension. 

Figure 7.6 presents the comparison of strains from fiber model with experimentally observed 

strains for biaxial loading. Figure 7.6a shows the strain gauge profile for a cross-section at the base 

of the wall. The out-of-plane moment corresponded to a force of 1070-kN applied at 381 mm from 

the base (to match the strain gauge locations). The in-plane moment corresponded to a force of 

1112-kN applied at 838 mm from the base. Biaxial loading results in an asymmetric strain profile 

that varies through the length and the thickness of the specimen. Peak tensile strains of magnitude 

1700 were observed at the corner subjected to tension due to out-of-plane and in-plane loadings. 

Peak compressive strain of magnitude (-) 1000 were observed at the opposite corner (subjected 

to compression due to in-plane and out-of-plane loadings). Figure 7.6b shows the experimental 

force-strain plot for 1112-kN in-plane loading cycle (with a constant out-of-plane load of 1070-

kN). Peak tensile strain for corner subjected to compression due to biaxial loading is approximately 
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2100 However, the strain gauge data does not indicate any flattening due to yielding. The 

values are higher than that observed from fiber model (1700 ), which may be due to cyclic 

damage in the specimen. Peak compressive strain for S9 (subjected to compression due to biaxial 

loading) is approximately the same as observed from fiber model (1000 ). 

The comparisons of strains obtained from fiber model with those observed experimentally indicate 

that the fiber model reasonably predicts the evolution of through-thickness strain profile for biaxial 

moments. For further verification, the moment-curvatures and biaxial moment interactions 

obtained from the fiber model will be compared with experimental results (and finite element 

results) in the following sections. 

Biaxial Moment Interaction 

The fiber model can be employed to obtain in-plane moment-curvature response for different 

magnitudes of out-of-plane moments (for no axial force, and not considering shear forces). Figure 

7.7 presents the in-plane moment curvature corresponding to the out-of-plane loading cases for 

specimens tested and discussed in Chapter 4. The figure also plots the in-plane plastic (Mp) and 

compression yield moment (Myc) capacities calculated per Kurt et al. [69]. Measured steel and 

concrete properties for SC-0.5T-Vn were used for all the cases. Curve ‘No OOP’ corresponds to 

no out-of-plane force applied (the case for SC-T-C). SC wall piers (with aspect ratios greater than 

or equal to 0.6) with no out-of-plane loading are expected to reach Mp (SC-T-C failed due to weld 

rupture, and did not reach Mp). ‘0.37Mn
AISC’ corresponds to the out-of-plane moment applied for 

SC-T-Vn. The peak moment for ‘0.37Mn
AISC’ case is approximately equal to Mp (consistent with 

experimental observations for SC-T-Vn). ‘0.74Mn-oop’ corresponds to the out-of-plane moment 

applied for SC-0.5T-Vn. While SC-0.5T-Vn reached Myc, peak moment from fiber model is 
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marginally (7%) lower. This may be because steel stress-strain behavior was considered to be 

elastic-plastic in the fiber model. Thus, the fiber model can reasonably predict the in-plane moment 

capacities of biaxially loaded SC wall pier specimens. 

The fiber model provides in-plane moment capacity for an applied magnitude of the out-of-plane 

moment. The sets of values for in-plane and out-of-plane moments can be used to develop the 

biaxial moment interaction surface for wall piers. Figure 7.8 presents the interaction of normalized 

in-plane moment with the normalized out-of-plane moment. The in-plane moment is normalized 

with in-plane plastic moment capacity, Mp. The out-of-plane moment is normalized with nominal 

out-of-plane moment strength (Mn
AISC, using measured properties per AISC N690 [26]). It is 

observed that a weak interaction exists between the in-plane and out-of-plane moments. 

Finite element models were used to validate the interaction obtained from the fiber model. The 

wall pier was modeled in ABAQUS [92] using layered composite shell (LCS) elements with a 

fixed base. The wall pier section (with section and material parameters consistent with the fiber 

model) was subjected to different combinations of in-plane and out-of-plane moments to obtain 

the data points (FEA data points) plotted in Figure 7.8. Data points for the experiments are also 

plotted on the interaction surface and it is observed that specimens SC-T-Vn and SC-0.5T-Vn lie 

outside the interaction surface, indicating the conservatism of the interaction surface. SC-T-2.5Vn 

lies inside the interaction surface. However, specimen SC-T-2.5Vn was subject to an out-of-plane 

force magnitude of 2.5 times the out-of-plane shear strength of the specimen, which forced the 

specimen to develop a vector shear failure mode as discussed previously. The specimen does not 

have a flexure controlled behavior and the interaction surface is not applicable to the specimen. 

Biaxial moment-shear interaction needs to be considered for SC wall piers that have shear 
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dominated response (due to high magnitude of shear loading, or low aspect ratio). Biaxial moment 

interaction considering shear forces is discussed in Section 7.6. 

For design purposes, the quadratic interaction can be simplified to a trilinear interaction surface, 

anchored at in-plane compression yield moment capacity (0, Myc), nominal out-of-plane moment 

capacity (Mn
AISC, 0), (0.4Mn

AISC, Myc), and (Mn
AISC, 0.4Mp). The design interaction surface is 

conservative in comparison to experimental results, the fiber model interaction surface, and the 

finite element analysis data points, and can be employed to consider biaxial moment interaction 

for the design of SC wall piers. 

Axial Force-Biaxial Moment Interaction 

SC wall piers in nuclear facilities are stocky and may not be subjected to high axial forces (in 

comparison to the capacity). The axial loads for these walls are expected to be lower than the 

balance point for axial force-moment interaction diagrams. However, walls in commercial 

applications may be subjected to considerable axial demands (due to sustained loads or vertical 

components of seismic demands). Axial force-biaxial moment interaction needs to be evaluated 

for SC wall piers. The fiber model can be employed to evaluate the axial force-moment (P-M) 

interaction for SC wall piers. 

Figure 7.9 presents the normalized in-plane and out-of-plane P-M interaction for SC wall piers. 

Consistent with previous sections, material and section parameters for SC-0.5T-Vn were used. The 

axial compressive force (P) is normalized with nominal axial strength (Pn). The in-plane and out-

of-plane moments are normalized with the corresponding moment capacities (for no axial load) 

obtained from the fiber model (Mn-fiber) The nominal axial strength is calculated using Equation 

7.2 (Equation A-N9-15 of AISC N690s1 [26]), where As and Ac are steel and concrete cross-

sectional areas, and Fy and f’c are steel and concrete strengths. 
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' Pn  A Fs y  0.85 fc Ac Equation 7.2 

The in-plane and out-of-plane P-M interaction diagrams are similar with peak normalized 

moments of 1.5 to 1.6, corresponding to normalized axial loads of 0.3 to 0.4 (balance point). Thus, 

axial compressive forces up to 0.7Pn increase the moment capacity of the wall piers in comparison 

to capacity at no axial load. For higher magnitude of axial loads, the moment capacity starts 

reducing. 

Figure 7.10 shows the change in the biaxial moment interaction surface as axial compression is 

applied. The in-plane and out-of-plane moments are normalized with Mp and Mn
AISC respectively 

(without considering P-M interaction). It is observed that the interaction surface expands as axial 

compression increases up to 0.4Pn. As the compression force increases further, the interaction 

surface starts shrinking again. For very high axial loads, the interaction surface shrinks below the 

surface for no axial load. 

The biaxial moment interaction can be updated to include P-M interaction obtained from the fiber 

model. Figure 7.11 shows the interaction where in-plane and out-of-plane moments are normalized 

with moment capacities obtained from the fiber model for different magnitudes of axial forces (as 

shown in Figure 7.9). It is observed that the interaction curves are reasonably similar. For the 

purpose of design, P-M interactions can be conservatively simplified to bilinear or trilinear curves, 

which can then be employed to obtain biaxial interactions considering P-M interaction. Figure 7.12 

and Figure 7.13 show the simplified in-plane and out-of-plane P-M interactions respectively. The 

interactions have been simplified to bilinear or trilinear interactions. Figure 7.14 presents the 

biaxial interaction for different magnitudes of axial compressive loads. The out-of-plane moments 

have been normalized with nominal out-of-plane capacity per AISC N690s1 [26], scaled based on 

AISC-P simplified P-M interaction (Figure 7.13), Mn . Similarly, the in-plane moments have been 

normalized with plastic moment capacity, scaled based on simplified P-M interaction (Figure 7.12). 
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The idealized trilinear design interaction for biaxial moments (as discussed in Figure 7.8) has also 

been plotted in Figure 7.14. The design interaction is conservative for different magnitudes of axial 

compressive forces. Biaxial interaction curves for axial loads less than the balance point (0.4Pn) 

are within 20% of the design interaction surface. However, the conservatism of design surface 

increases for higher magnitude of axial compressive forces (above 0.4Pn). This is because the 

simplified P-M interactions considered are more conservative for higher axial forces (as seen in 

Figure 7.12 and Figure 7.13). However, the stocky nuclear walls are not expected to experience 

axial forces greater than the balance point. The simplified P-M interaction curves can be refined 

to improve the accuracy of the axial force-biaxial moment interaction curves for high magnitudes 

of axial compressive forces. 

Biaxial Moment-Shear Interaction 

The response of structural walls may be shear or flexure controlled depending on the aspect ratio. 

As observed for specimen SC-T-2.5Vn, walls with aspect ratios corresponding to flexure failure 

modes may be forced into shear failure by significantly high shear forces. Therefore, it is important 

to consider the biaxial shear-moment interaction for shear walls. The fiber model was employed 

to obtain biaxial moment interaction considering shear failure. Figure 7.15 presents the variation 

in biaxial moment interaction considering shear forces corresponding to the moments. Interaction 

surface for pure biaxial moments is also presented (also presented in Figure 7.8). The out-of-plane 

aspect ratio is kept constant at 1.5 (same as the experiments), and the in-plane aspect ratio is varied 

from 1.0 to 0.5. The interaction surface shrinks as the walls get squatter (in-plane aspect ratios  

decrease). This is because squatter walls will experience higher vector shear forces for the same 

magnitude of base moments. Higher shear stresses will result in Von-Mises yielding of steel fibers 

at lower magnitudes of flexural stresses. Similarly, high vector shear in concrete fibers will result 
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in shear failure for lower magnitudes of flexural stresses. The in-plane moment capacity reduces 

by about 15% as the aspect ratio changes from 1.0 to 0.5. Thus, the fiber model provides biaxial 

moment interaction surfaces for SC wall piers while accounting for vector shear forces. 

As seen previously in Figure 7.8, specimen SC-T-2.5Vn lay inside the interaction surface. Since 

the specimen failed due to vector shear, the biaxial moment interaction surface (without 

considering shear loads) did not apply to the specimen. Figure 7.16 presents the comparison of 

experimental results with biaxial moment interaction surface, with and without consideration of 

shear failure. The biaxial moment interaction surface (while accounting for vector shear loads 

corresponding to an in-plane aspect ratio of 0.6 and an out-of-plane aspect ratio of 1.5) is 

conservative in comparison to the experimental results (including SC-T-2.5Vn). 

Chapter Summary 

This chapter describes a finite-difference based cross-section fiber analysis model for developing 

axial force-biaxial moment-shear interaction. Material properties and algorithm for the model are 

presented. The model iteratively establishes equilibrium for axial forces and biaxial moments. 

Shear interaction is considered by incorporating Mohr-Coulomb based shear failure for concrete 

and Von-Mises yielding for steel. Capabilities and assumptions for the model are listed in the 

chapter. The model is validated using experimental results for  wall pier specimens subjected to 

biaxial loadings. A discussion on the P-M interaction for wall piers is provided. The P-M 

interaction can be incorporated in biaxial moment interaction. Idealized biaxial moment interaction 

surface is developed. The interaction surface compares conservatively with finite element model 

results and experimental results. For shear controlled SC wall piers, the biaxial interaction surface 

is updated to consider shear failure. The fiber model can be employed to obtain axial force-biaxial 

moment-shear interaction for SC wall piers. 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

238 

Figure 7.1 Algorithm for axial force-biaxial moment-shear interaction 
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Figure 7.2 Algorithm for axial force-biaxial moment-shear interaction (contd.) 
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Figure 7.3 Uniaxial stress-strain curve for concrete 

Figure 7.4 Uniaxial stress-strain curve for steel 
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a) Strain profile from fiber model 

b) Force-strain plot for 534-kN out-of-plane load cycle (Specimen SC-0.5T-Vn) 

Figure 7.5 Comparison of strains for out-of-plane moment 
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a) Strain profile from fiber model 

b) Force-strain plot for 0.50Fn in-plane cycle (with 1070-kN out-of-plane load), Specimen 
SC-0.5T-Vn 

Figure 7.6 Comparison of strains for biaxial moments 
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Figure 7.7 In-Plane moment-curvature for different magnitudes of out-of-plane loading 

Figure 7.8 Biaxial moment interaction for SC wall pier specimens 
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Figure 7.9 In-plane and out-of-plane P-M interaction 

Figure 7.10 Biaxial moment interaction for axial compressive loads (without considering P-M 
interaction) 
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Figure 7.11 Biaxial moment interaction for axial compressive loads (considering P-M interaction 
obtained from fiber model) 

Figure 7.12 Simplified in-plane P-M interaction for design 
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Figure 7.13 Simplified out-of-plane P-M interaction for design 

Figure 7.14 Biaxial moment interaction for axial compressive loads (considering simplified P-M 
interaction for design) 
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Figure 7.15 Biaxial moment interaction (considering vector shear failure), out-of-plane aspect 
ratio of 1.5 

Figure 7.16 Comparison of biaxial moment interaction surfaces with experimental results 
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8. BENCHMARKED FINITE ELEMENT MODELS 

The in-plane behavior of SC walls and wall piers for out-of-plane and accident thermal loads was 

evaluated based on experimental studies (discussed in Chapters 3 to 6). However, time and  

financial constraints limit the number and scale of experiments that can be conducted. Detailed 

non-linear 3D finite element models can be developed and benchmarked against experimental 

results. The benchmarked models can be employed to corroborate experimental observations, and 

evaluate the wall behavior in more detail. The models can also be employed to conduct parametric 

studies that can validate the analysis and design recommendations based on experimental studies. 

However, the numerical models may have some inherent limitations, and the user needs to be 

cognizant of them. 

This chapter discusses the development of detailed finite element models, and the benchmarking 

of those models against the experimental results. The comparison of numerical results with 

experimental observations, and any limitations of the numerical models thereof are discussed. The 

chapter is organized into following sections. 

 Biaxially loaded SC wall pier specimens: Model geometry and material models for SC wall 

pier specimens subjected to biaxial loading are presented. Numerical results for all the  

specimens are compared with experimental observations. Faceplate and concrete infill 

behavior is evaluated in detail. 

 SC wall and wall piers subjected to in-plane and accident thermal loading: Model geometry 

and material models for SC wall and wall pier specimens subjected to combined in-plane 

and thermal loading are presented. Numerical results for the specimens are compared with 

experimental observations. Steel plate and concrete infill behavior are evaluated in detail. 
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Biaxially Loaded SC Wall Piers 

Chapter 4 presents the experimental evaluation of SC wall pier specimens subjected to biaxial 

loading. One control specimen (SC-T-C) and three biaxially loaded specimens (SC-T-Vn, SC-T-

2.5Vn and SC-0.5T-Vn) were tested. The control specimen was subjected to cyclic in-plane 

loading. The biaxially loaded specimens were subjected to incremental out-of-plane loading cycles 

till the desired out-of-plane load was achieved. The out-of-plane loading was then maintained 

constant and incremental in-plane loading cycles were applied. This section discusses the finite 

element models for the experiments. 

8.1.1 Model Geometry 

Detailed 3D finite element models were developed in LS-Dyna [91] to simulate the SC wall pier 

response to biaxial loading. The models were based on benchmarked models developed by Kurt 

et al. [69]. Model geometry and details are presented in Figure 8.1 and Figure 8.2. Foundation 

block for the experiments was not modeled because corrected drift of the specimens (correction 

for slip and rotation at the base of the wall) was calculated in Chapter 4. Backbone curves of SC 

wall pier specimens considering corrected drifts were presented in Figure 4.53. Faceplate-to-

baseplate connection (detail shown in Figure 3.6) was not modeled and the faceplates were 

considered directly connected to the baseplate. The height of the modeled specimens was 

accordingly reduced by 38 mm (transfer bar dimensions). Steel faceplates were modeled using 

fully integrated four-node shell elements. Belytchko-Tsay shell formulation, which considers the 

shell elements to be perfectly flat, was used. Concrete infill was modeled using eight-node constant 

stress solid elements (reduced integration). The baseplate was also modeled using eight-node 

constant stress solid elements. Shear stud and ties, and base studs were explicitly modeled using 

two-node beam elements with cross-section integration (Hughes-Liu formulation). Mesh size for 



 

 
 

   

 

   

 

 

 

 

 

   

 

 

 

  

 

   

 

250 

concrete elements was 25 mm. For faceplates, mesh size was 12.5 mm. Shear studs and ties were 

tied to the faceplates and embedded in concrete using “Lagrange-in-solid” keyword. The keyword 

couples the acceleration and velocities of stud and tie elements to those of concrete elements. Base 

studs were tied to the baseplate and embedded in concrete. Contact between faceplates and 

concrete infill was defined using “Automatic_Surface_To_Surface” keyword. The two-way 

contact formulation checks the slave and master nodes for penetration. No friction was considered 

between the faceplates and concrete infill. Contact between concrete infill and baseplate was also 

defined using “Automatic_Surface_To_Surface” keyword. A static coefficient of friction of 0.2 

was considered for the contact. Elements with reduced integration elements may undergo 

hourglassing. The concern was addressed by using stiffness based hourglass control with a 

coefficient of 0.05 for all the models (consistent with the value used by [33]). 

SC-T-C was subjected to incremental in-plane displacement at 876 mm from the base [location 

same as for the experiments, deducting the distance corresponding to the faceplate-to-baseplate 

connection (38 mm)]. For biaxially loaded specimens, monotonic out-of-plane loading was applied 

at 419 mm from the base. The out-of-plane loading was maintained constant, and then the 

specimens were subjected to incremental in-plane displacement applied at 876 mm from the base. 

Benchmarking of the models was limited to monotonic loading due to limitations of the concrete 

model used. These limitations have been discussed in the following section. 

8.1.2 Material Models 

Material models for steel and concrete were selected from the available models in LS-DYNA. The 

material models are discussed in this section. 
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8.1.2.1 Concrete 

Concrete infill was modeled using Winfrith concrete model (MAT 85) in LS-DYNA. The model 

was previously used for SC walls by Kurt [33] and Bruhl [133] with reasonable success. Winfrith 

model accounts for tension behavior of concrete by smeared cracking and Hillerborg’s fracture 

energy approach. However, for compression, the model is elastic-perfectly plastic and does not 

account for post-peak compression softening. The model is unable to capture the crushing and 

spalling of concrete. Concrete damage can be artificially included by defining the erosion criteria 

for concrete elements. However, the erosion criteria (failure strain or principal stress) for concrete 

would need to be calibrated. In the absence of reliable data for calibration, element erosion was 

not considered. Winfrith model can be used with strain rate effects turned on (MAT 84) or turned 

off (MAT 85). Since the experiments involved loading the specimens quasi-statically, MAT 85 

(strain rate effects turned off) was used. The following input parameters were used for defining 

Winfrith concrete model. 

The tangent modulus and uniaxial compressive strength for concrete were defined (the model does 

not have an option to input a compression curve). Winfrith model is based on uniaxial cube 

strength of concrete in compression. Measured day-of-test concrete compressive strength 

(presented in Table 3.1) for the specimens was multiplied by 1.25 to convert cylinder strength to 

cube strength [134]. Tangent modulus of concrete (Eci) was calculated using Equation 8.1 per 

CEB-FIP model code [120], where Eco is 2.15x104 MPa, fcm is the measured strength of concrete 

at 28 days, and fcmo is 10MPa. 

1/3 
 fcm Eci  Eco    Equation  8.1   fcmo  
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Tension properties of concrete were also defined using CEB-FIP model code. Mean tensile 

strength value (fctm) was calculated using Equation 8.2, where fctko,m is 1.40MPa, fcko is 10MPa, and 

measured strength was used as fck. 

2/3
 fck fctm  fctko,m   Equation 8.2
 fcko  

When strain rate effects are not considered (MAT 85), the crack width for which concrete stress 

goes to zero needs to be input. The crack width can be calculated using the tensile strength and the 

fracture energy. Fracture energy will be equal to the area under the tension stress vs. crack width 

curve. Fracture energy was calculated using Equation 8.3 per CEB.FIP model code, where GFo 

depends on the aggregate size and is 0.026 Nmm/mm2 for pea gravel concrete mix used (maximum 

aggregate size of 9.5 mm). 

0.7
fcmGF  GFo       Equation  8.3  fcmo 

A linear variation of tensile stress with crack width was considered, and crack width corresponding 

to zero tensile stress (wc) was calculated using Equation 8.4. 

2GFwc      Equation  8.4  
fctm 

The aggregate size radius (4.75 mm for pea-gravel concrete) was also inputted into the Winfrith 

model. 

Simulations with cyclic axial compression-tension loading protocol (multiple cycles) for concrete 

cube panels indicate that the Winfrith model unloads elastically from compression envelope, and 

goes into crack opening in tension. Once the model is cycled in tension and the loading reversed, 

the cracks close at origin and the model follows elastic-plastic path again in compression. For 

material points in wall models, the crack closure may occur before origin. This cyclic hysteretic 
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response of the model is not representative of concrete behavior. Therefore, cyclic simulations of 

the experiments were not conducted and the benchmarking was limited to monotonic loading. 

8.1.2.2 Steel 

Steel faceplates were modeled as isotropic elastic, followed by metal plasticity behavior after 

yielding using “Piecewise_Linear_Plasticity” model. The model is based on Von-Mises yield 

criteria, associated flow rule, and kinematic yielding. Uniaxial stress-strain curves were obtained 

from standard tension coupons fabricated from the faceplates (measured yield strengths for the 

faceplates were presented in Table 3.1). These stress-strain curves were converted to piecewise 

linear true stress-effective plastic strain curves used to define the post-yield hardening behavior of 

faceplates. Measured effective stress-strain response of faceplate tension coupons is presented in 

Figure 8.3. The post-yield effective stress-plastic strain relationship input for LS-DYNA is 

presented in Figure 8.4. Since the model used for LS-DYNA did not account for post-yield ductile 

damage or fracture, the failure strain (effective plastic strain) for faceplates was set at 15%. This 

is consistent with tension coupon results where necking of coupons was observed at strains of 15-

20%. The failure criteria would ensure that the analysis results are not unrealistically high. 

“Piecewise_linear_plasticity” model was also used for ties and shear studs, with model parameters 

defined based on uniaxial tension tests for ties. 

“Plasticity_With_Damage” steel model was also used for steel faceplates in order to compare the 

results obtained from two steel models. “Plasticity_With_Damage” model enables the modeling 

of damage by considering plastic strain at the initiation of material softening, and plastic strain at 

rupture. Damage in the steel material is calculated based on these strain values. Based on the 

measured stress-strain response from tension coupons (Figure 8.3), the plastic strain at initiation 

of softening was considered as 15% and strain for rupture was considered as 25%. 
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8.1.3 Model Results and Comparisons 

This section presents the results of models for specimens SC-T-C, SC-T-Vn, SC-0.5T-Vn and SC-

T-2.5Vn. The discussion of numerically observed behavior of SC wall pier specimens is also 

provided. Numerical results are compared with experimental observations presented in Chapter 4. 

8.1.3.1 SC-T-C 

Specimen SC-T-C was subjected to in-plane loading (no out-of-plane loading). Experimental 

results for SC-T-C were discussed in Section 4.1. The specimen was modeled in LS-DYNA using 

the parameters discussed previously and was subjected to monotonically increasing displacement. 

Figure 8.5 presents the comparison of experimental and numerical (FE) backbone curves. 

Experimental backbone curve is corrected for base slip and rotation to provide the net drift of the 

wall. The curve is based on push (+) half-cycles. Finite element results considering 

“Piecewise_linear_plasticity” (PLP) and “Plasticity_with_damage” (PD) material models for steel 

faceplates are presented in the figure. Finite element backbone curves for the two steel models are 

identical. This is because the model reached its peak strength before effective plastic strain (PEEQ) 

in faceplates reached 15%. The two steel models are identical before a PEEQ strain of 15% is 

reached. Therefore, the response of the specimen is evaluated using results for FE model with PD 

model for faceplates. 

Initial stiffness of finite element models agrees well with that observed experimentally. Secant 

stiffness of the FE models is marginally higher than experimental secant stiffness. However, the 

experimental backbone curve is obtained from cyclic loading history of SC-T-C. Cyclic loading is 

expected to lead to reduced stiffness (in comparison to monotonic loading) due to additional 

concrete cracking and faceplate yielding. Peak strength for FE models was higher than 

experimentally observed strength. Specimen SC-T-C had reached a peak load corresponding to 
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1.05Myc. However, the specimen had failed due to weld (basemetal) rupture and did not reach its 

plastic moment capacity (Mp). Baseplate-to-faceplate weld was not modeled in the FE models to 

ensure that the strength is not limited by weld failure. FE models reached a peak strength 

corresponding to 1.15Myc (0.99Mp). Thus, the FE models reached peak in-plane load corresponding 

to the plastic moment capacity of the specimen. This is an expected result based on the 

experimental observations for specimen SC-T-Vn (discussed in Section 4.3). Specimen SC-T-Vn 

(subjected to combined in-plane and out-of-plane loading) reached its in-plane plastic moment 

capacity despite the presence of out-of-plane loading. Response of the FE model can be evaluated 

in detail by considering the stress and strain states for steel and concrete elements. 

Figure 8.6 presents the effective plastic strain (PEEQ) distribution in the faceplates at peak load. 

The deformations have been amplified 5 times for clarity. At peak load, faceplate buckling was 

observed on the compression end of both the faceplates. The buckling was observed between the 

base and first row of studs. The faceplate region near to the base had yielded throughout the length 

of the specimen (shown in blue color in the figure). Peak plastic strains in the faceplates were less 

than 5%. The strain values are lower than PEEQ value defined for plasticity damage (15%). This 

confirms the observation in Figure 8.5, where both FE models (PD and PLP) had an identical 

response. Von-Mises stress in the faceplates at peak load is shown in Figure 8.7. The stress exceeds 

yield stress in the region close to the base. Buckling of both the faceplates in compression can also 

be seen in the figure. 

Figure 8.8 presents the concrete principal compression stress distribution at peak load. 

Compression toe of the concrete experiences very high stresses, which may be unreal. The low 

aspect ratio of the specimen (0.6) results in the formation of concrete compression struts in the 

wall. However, the response of the wall is still flexure controlled (as observed experimentally by 
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Kurt et al. [69]). Figure 8.8 and Figure 8.9 show the concrete cracking at peak load. Concrete 

cracks in the direction perpendicular to principal tension stress. Extensive flexural cracking is 

observed at the base of the wall. Flexural-shear cracking is also observed in the wall along the 

height (parallel to the principal compression strut). Flexural cracking at the base and along the 

height was also observed in the experiments (from visual inspection of the sides). 

Distribution of the in-plane force in faceplates and concrete infill is of interest as it would provide 

information about the relative stiffnesses of faceplates and concrete. Figure 8.10 shows the 

distribution of in-plane force in faceplates and concrete infill. Concrete and faceplate contribution 

is similar initially, as the extent of cracking in concrete is low. As the in-plane loading increases, 

the extent of cracking in concrete increases resulting in a higher relative contribution of faceplates. 

At peak load, the concrete contribution is about 2/3rd of the faceplate contribution. However, the 

Winfrith model is elastic-plastic in compression, without any compression softening. Therefore, 

the relative concrete contribution observed from the FE models may be higher than actual 

contribution in experiments. 

The response of SC wall piers to in-plane loading is symmetric (observed experimentally and in 

FE models). In-plane loading is not expected to result in significant stresses in ties. Figure 8.11 

shows the effective plastic strain (PEEQ) in the ties at failure. There is no significant yielding in 

the ties. Yielding in the corner tie is observed at failure. However, this may be due to additional 

stress in the ties post faceplate yielding and buckling. 

8.1.3.2 SC-T-Vn 

Specimen SC-T-Vn was subjected to incremental cyclic out-of-plane loading till the desired out-

of-plane force was reached (535-kN). The out-of-plane load was then maintained and cyclic in-

plane loading was applied. Experimental results for SC-T-Vn were discussed in Section 4.3. The 
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specimen was modeled in LS-DYNA using the parameters discussed previously, and was 

subjected to monotonically increasing out-of-plane load to the desired load. The out-of-plane load 

was then maintained constant and monotonically increasing in-plane displacement was applied. 

Figure 8.12 presents the comparison of experimental and numerical (FE) backbone curves. 

Experimental backbone curve is corrected for base slip and rotation to obtain the net drift of the 

wall. The curve is based on push (+) half-cycles. Finite element result considering 

“plasticity_with_damage” (PD) material model for steel faceplates is presented in the figure (as 

discussed for SC-T-C, the two material models considered for steel faceplates give identical 

results, so only the PD model is considered here). 

Initial stiffness of finite element models agree well with that observed experimentally. Secant 

stiffness of the FE model is higher than experimental secant stiffness. However, the experimental 

backbone curve is obtained from cyclic loading history of SC-T-Vn. Cyclic loading is expected to 

lead to reduced stiffness (in comparison to monotonic loading) due to additional concrete cracking 

and faceplate yielding. Additionally, the Winfrith concrete model is elastic-perfectly plastic in 

compression, with no compression softening. This would also result in a stiffer response. Peak 

strength for FE model is marginally higher than experimentally observed strength. Specimen SC-

T-Vn had reached a peak load corresponding to 1.10Myc (0.98Mp). FE model reached its plastic 

moment capacity, Mp. The strength corresponded to 1.15Myc. Since the concrete model is elastic-

perfectly plastic, the FE strength does not drop significantly till after faceplate strains reach 

softening strains. However, the FE response cannot be used reliably post the faceplates yielding in 

compression and tension. Response of the FE model is compared to experimentally observed 

behavior by evaluating the stress and strain states of steel and concrete elements. 
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Figure 8.13 and Figure 8.14 present the faceplate normal vertical strains for out-of-plane loading. 

The strain contours are not symmetric as some magnitude of in-plane loading had been applied at 

the time the data was recorded. The faceplates experienced a compressive strain of 100  and 

tensile strain of 300 . This is consistent with faceplate strains observed experimentally (as shown 

in Figure 4.21), where the faceplates experienced tensile strains of magnitude 250-400  and 

compressive strains of magnitude 200-330 for out-of-plane loading cycle of 535-kN. Figure 

8.15 shows the concrete cracking and principal compressive stresses due to the out-of-plane 

loading applied. Consistent with experimental observations, magnitude of the out-of-plane load 

was not high enough to result in significant concrete cracking. Some flexural cracking at the base 

of FE model was observed. No shear cracking was observed. Since there was no shear cracking, 

the tie bars were not engaged in the experiments (as was confirmed by Figure 4.22). This was also 

confirmed by the FE model, as seen in Figure 8.16. The axial stresses in ties are very low [less 

than 2ksi (14 MPa)]. Since the out-of-plane loading did not result in high faceplate strains or 

extensive concrete cracking, the in-plane response of the FE model was not affected by the out-of-

plane loading, and the FE model reached its plastic moment capacity (as discussed previously). 

Figure 8.17 presents the Von-Mises stresses in the faceplates at peak load. There was significant 

yielding in the faceplates. Buckling of the faceplates in compression is also visible. Buckling of 

both the faceplates (Figure 4.29 and Figure 4.30), and extensive faceplate yielding (Figure 4.34) 

was also observed experimentally in the peak load cycles. The extent of yielding in faceplates is 

marginally higher than that observed for SC-T-C FE model (Figure 8.7). Additional faceplate 

strains due to out-of-plane loading and out-of-plane deformation lead to yielding of faceplates at 

a slightly lower in-plane loading. 



 

 
 

 

  

 

  

 

 

 

 

 

 

 

 

259 

Figure 8.18 presents the state of concrete infill at peak in-plane load. The concrete response is 

consistent with that observed for SC-T-C FE model. Flexural cracking at the base and flexural 

shear cracking along the height of the specimen is observed. The formation of concrete 

compression struts can also be seen. Flexural and shear cracking patterns observed in FE model 

are similar to those observed in experiments (Figure 4.26 to Figure 4.32). However, no concrete 

crushing or spalling was observed in the FE model (due to elastic-perfectly plastic material model 

and no erosion criteria used). This results in no significant drop in FE model strength post-peak, 

until the faceplates rupture. In experiments, concrete crushing and spalling resulted in significant 

degradation of post-peak response. 

Since there was no shear cracking for out-of-plane loading, the asymmetry in the in-plane response 

of the specimen is low (as seen from comparisons with other specimens in Figure 4.19, Figure 4.35 

and Figure 4.51). No significant axial stress or yielding is expected in the ties. Figure 8.19 shows 

that no yielding was observed in the ties at peak in-plane load. Figure 8.20 shows the specimen 

state at peak load. The faceplates yielded (Figure 8.17) and buckled in compression. The response 

of SC-T-Vn FE model was flexure controlled, with flexural cracking in concrete and yielding and 

buckling of faceplates. However, some shear cracking (in-plane and out-of-plane directions) was 

observed. The FE model also experienced out-of-plane deformations, which increased when in-

plane load was applied. 

8.1.3.3 SC-T-2.5Vn 

Specimen SC-T-2.5Vn was subjected to incremental cyclic out-of-plane loading till the desired 

out-of-plane force was reached (1113-kN). This out-of-plane load was 2.5 times the nominal out-

of-plane shear strength of the specimen. The out-of-plane load was then maintained constant and 

cyclic in-plane loading was applied. Experimental results for SC-T-2.5Vn were discussed in 
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Section 4.4. The specimen was modeled in LS-DYNA using the parameters discussed previously 

and was subjected to monotonically increasing out-of-plane load till desired out-of-plane load 

(1113-kN) was achieved. The out-of-plane load was then maintained constant and monotonically 

increasing in-plane displacement was applied. Figure 8.21 presents the comparison of 

experimental and numerical (FE) backbone curves. Experimental backbone curve is corrected for 

base slip and rotation to obtain the net drift of the wall. The curve is based on push (+) half-cycles. 

The shell element formulation used for faceplates (SEF 16) employed full integration. However, 

the model had convergence issues due to large out-of-plane deformations in faceplates. The shell 

element formulation was then changed to SEF -16, which is a fully-integrated shell element 

modified for higher accuracy. Backbone curves for FE models with both the shell formulations are 

presented in Figure 8.21. 

The stiffness of the finite element models agrees well with that observed experimentally. The 

experimental strength of SC-T-2.5Vn corresponded to 0.85Myc. Peak strength for FE model with 

SEF 16 is within 10% of that observed experimentally. FE model with SEF -16 matches the peak-

strength for the experiments, and continues to gain strength up to about 5% higher than 

experimental strength. SC-T-2.5Vn specimen had failed abruptly due to concrete crushing, 

extensive diagonal shear cracking, and sliding on the diagonal shear plane (Figure 4.47 and Figure 

4.48). However, the concrete model is not capable of simulating a crushing failure, therefore, the 

strength and deformation of the FE model increase beyond the peak values observed 

experimentally. The strength increase is less than 10%. Therefore, the SC wall piers subjected to 

out-of-plane forces significantly higher than the nominal out-of-plane shear strengths do not reach 

their in-plane compression yield moment capacity (Myc). 
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Figure 8.22 and Figure 8.23 present the faceplate normal vertical strains for out-of-plane loading. 

The faceplates experienced a compressive strain of 200  and tensile strain of 1000 . This is 

consistent with faceplate strains observed experimentally (as shown in Figure 4.39), where the 

faceplates experienced tensile strains of magnitude 700-900  and compressive strains of 

magnitude 100-300 for out-of-plane loading cycle of 1113-kN. The high magnitude of out-of-

plane force (and the corresponding moment) results in high tensile stresses in the faceplates (about 

60% of the yield stress). Figure 8.24 shows the concrete cracking and principal compressive 

stresses due to the out-of-plane loading applied. Significant flexural cracking close to the base was 

observed. Additionally, diagonal shear cracks were observed. Concrete compression strut with an 

average stress of 20MPa was observed (compared to the compressive strength of 35 MPa). The 

diagonal cracks observed in FE model are consistent with those observed experimentally (Figure 

4.38). The shear cracks engaged the bottom row of tie bars (confirmed experimentally by Figure 

4.40). In the FE model, high axial stresses in ties were observed [about 20 ksi (138 MPa)]. 

However, the FE model tie stresses did not reach Von-Mises Stress (yielding was observed in ties 

for specimen SC-T-2.5Vn, Figure 4.40). The difference in tie stresses between the model and 

experiment may be due to different crack orientation in the FE model, and the element size for ties 

used in the model (100 mm length elements used). High tensile stresses in the tie bars, and 

significant concrete cracking due to out-of-plane loading, significantly affected the in-plane 

response of the specimen. The specimen strength was 0.85Myc, as compared to SC-T-C which 

reached a peak strength of 1.15Myc. The in-plane response of SC-T-2.5Vn is evaluated in detail 

through the stress states of faceplates, concrete and ties in the model. 

Figure 8.26 presents the Von-Mises stresses in the faceplates at the time step corresponding to the 

displacement at which the peak load was observed experimentally. There was significant tension 



 

 
 

 

  

    

 

 

 

 

  

  

 

  

  

262 

yielding in the faceplates. However, localized compression yielding was caused by concrete 

compression strut (due to out-of-plane force) bearing against the faceplates. The strut combined 

with in-plane compressive loads on the faceplates resulted in bulging out (and initiation of 

buckling) of the faceplate. No extensive buckling is observed on the corresponding corner of the 

other faceplate. The FE model behavior is similar to that observed experimentally (Figure 4.47 

and Figure 4.48). For specimen SC-T-2.5Vn, faceplate buckling at base and concrete crushing at 

out-of-plane loading location was observed. Concrete infill slid on the shear crack plane as the 

compression strut could not be anchored on the buckled faceplates. This led to amplified out-of-

plane deformation of the compression faceplate and failure of the specimen. 

Figure 8.27 presents the state of concrete infill at peak in-plane load. The concrete response is 

dominated by out-of-plane loading. For SC-T-C and SC-T-Vn (Figure 8.9 and Figure 8.18), in-

plane compression strut developed and flexural shear cracking was observed through the height of 

the specimens. However, SC-T-2.5Vn FE models indicate that the in-plane compression strut was 

not fully developed, and in-plane shear cracking was limited. Instead, the concrete cracked 

extensively due to out-of-plane flexure and shear. Extensive diagonal shear cracking was observed 

and the concrete slid along the diagonal shear crack plane. Thus, out-of-plane shear significantly 

greater than the strength hinders the in-plane contribution of concrete. This results in a lower in-

plane strength and negligible post-peak strength and deformation capacity. 

Ties for SC-T-2.5Vn were spaced at 305 mm. The engagement of ties will depend on the angle at 

which diagonal shear cracks are formed. As observed in Figure 8.27, some of the diagonal cracks 

engaged the ties. Figure 8.28 shows the tie effective plastic strain (PEEQ) at peak in-plane load. 

Yielding was observed in the bottom row of ties. However, no rupture was observed, with peak 

plastic strains less than 0.1%. Figure 8.29 shows the specimen state at peak load. Sliding of 
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concrete over the diagonal shear crack plane is apparent. The concrete compression strut pushes 

the faceplates (with pre-existing buckling), leading to excessive out-of-plane deformation of the 

faceplates, and specimen failure. Significant out-of-plane deformation of the specimen, above the 

diagonal shear crack plane, is also visible in the figure. 

8.1.3.4 SC-0.5T-Vn 

Out-of-plane load for SC-0.5T-Vn was equal to the nominal out-of-plane shear strength of the 

specimen. Since SC-0.5T-Vn had ties spaced at half the section thickness, the nominal out-of-

plane shear strength included both steel and concrete contributions and was equal to approximately 

2.4 times the nominal out-of-plane strength for SC-T-2.5Vn. Therefore, the magnitude of out-of-

plane force for SC-0.5T-Vn (1070-kN) was approximately equal to that for SC-T-2.5Vn (1113-

kN). Specimen SC-0.5T-Vn was subjected to incremental cyclic out-of-plane loading till the 

desired out-of-plane force was reached (1070-kN). The out-of-plane load was then maintained 

constant and cyclic in-plane loading was applied. Experimental results for SC-0.5T-Vn were 

discussed in Section 4.2. The specimen was modeled in LS-DYNA using the parameters discussed 

previously, and was subjected to monotonically increasing out-of-plane load till desired out-of-

plane load (1070-kN) was achieved. The out-of-plane load was then maintained constant and 

monotonically increasing in-plane displacement was applied. Figure 8.30 presents the comparison 

of experimental and numerical (FE) backbone curves. Experimental backbone curve is corrected 

for base slip and rotation to obtain the net drift of the wall. The curve is based on push (+) half-

cycles. Since the faceplates were expected to undergo large out-of-plane deformations (similar to 

those in SC-T-2.5Vn), fully integrated shell with formulation modified for higher accuracy (SEF 

-16) was used. Additionally, the ties were expected to experience high axial forces due to diagonal 

shear cracking (tie rupture was observed for specimen SC-0.5T-Vn, as shown in Figure 4.15). To 



 

 
 

  

    

 

 

 

 

 

 

 

 

 

 

  

264 

better capture the response of ties, mesh size for tie beam elements was changed to 12.5 mm. Mesh 

size of 25 mm was also tried, and the results were similar to those for 12.5 mm mesh size. FE 

models for SC-0.5T-Vn with fine tie mesh captured the tie response (and overall response) better 

than the models with tie mesh size of 100 mm. FE backbone curve in Figure 8.30 employed a tie 

mesh size of 12.5 mm. 

Initial stiffness of the FE model is marginally higher than the experimental stiffness. This may be 

due to flexural cracking in the specimen caused by out-of-plane loading cycles. Secant stiffness of 

the FE model is higher than experimental stiffness. This is consistent with observations for SC-T-

C and SC-T-Vn (Figure 8.5 and Figure 8.12). The FE model was loaded monotonically, and the 

concrete model was elastic-perfectly plastic. The experimental strength of SC-0.5T-Vn 

corresponded to 1.06Myc. In-plane load for FE model at displacement corresponding to 

experimental peak strength was 5% lower than experimental strength (1.01Myc). In-plane load for 

FE model increases marginally (5% increase) till the model fails due to rupture in multiple ties. As 

discussed previously, the concrete model does not consider concrete crushing and spalling, 

therefore the strength increases marginally till steel failure (faceplate or tie) occurs. SC-0.5T-Vn 

specimen had a flexural failure, with both the faceplates buckling and extensive concrete cracking, 

crushing and spalling (Figure 4.12 to Figure 4.14). The high magnitude of out-of-plane shear (and 

flexure) reduces the in-plane strength of the wall pier. However, the wall pier reached its 

compression moment capacity (Myc). 

Figure 8.31 and Figure 8.32 present the faceplate normal vertical strains for out-of-plane loading. 

The faceplates experienced a compressive strain of 300  and tensile strain of 1000 . Similar 

strains due to out-of-plane loading were observed for SC-T-2.5Vn (Figure 8.22 and Figure 8.23) 

The strains are also consistent with SC-0.5T-Vn faceplate strains observed experimentally (as 
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shown in Figure 4.2), where the faceplates experienced tensile strains of magnitude 1000-1100  

and compressive strains of magnitude 200-300 for out-of-plane loading cycle of 1070-kN. The 

high magnitude of out-of-plane force (and the corresponding moment) results in high tensile 

stresses in the faceplates (about 60% of the yield stress). Figure 8.33 shows the concrete cracking 

and principal compressive stresses due to the out-of-plane loading applied. Significant flexural 

cracking close to the base was observed. Additionally, diagonal shear cracks were observed. 

However, the extent of diagonal cracking and the magnitude of average stress for concrete 

compression strut are lower than those for SC-T-2.5Vn (Figure 8.24). Ties spaced at 152 mm for 

SC-0.5T-Vn (in comparison to 305 mm for SC-T-2.5Vn) arrest the diagonal shear cracking, and 

contribute to out-of-plane shear strength. The diagonal shear cracks observed in FE model are 

consistent with those observed experimentally (Figure 4.3). The shear cracks engaged the bottom 

two rows of tie bars (confirmed experimentally by Figure 4.4). Ties in specimen SC-0.5T-Vn 

experienced tensile strains upon cracking of concrete. Strains in ties reached the yield strain for 

1070-kN out-of-plane cycle. In the FE model, yielding was observed in the bottom row of ties 

(Figure 8.34). Thus, ties with a finer mesh size better replicate the experimentally observed 

response. 

Figure 8.35 presents the Von-Mises stresses in the faceplates at time step corresponding to the 

displacement at which peak load was observed experimentally. Faceplate region close to the base 

underwent compression and tension yielding (similar to SC-T-C and SC-T-Vn, Figure 8.7 and 

Figure 8.17). Compression buckling was observed on both the faceplates (consistent with 

experimental observations, Figure 4.12 and Figure 4.13). However, the buckling was more 

pronounced on the faceplate corner subjected to compression stress due to both out-of-plane and 

in-plane loadings. 
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Figure 8.36 presents the state of concrete infill at peak in-plane load. Similar to FE models for SC-

T-C and SC-T-Vn (Figure 8.9 and Figure 8.18), in-plane compression strut developed and flexural 

shear cracking was observed through the height of the specimens. Flexural cracking due to in-

plane and out-of-plane moments was observed. Diagonal shear cracking in the out-of-plane 

direction was observed (similar to that for SC-T-2.5Vn). However, the presence of ties along the 

shear crack arrested the crack growth and prevented the sliding of concrete on the shear plane. 

Concrete sliding on the shear plane had led to the failure of the specimen SC-T-2.5Vn. 

Ties for SC-0.5T-Vn were spaced at 154 mm. The ties were engaged by out-of-plane shear cracks 

(Figure 4.4 and Figure 8.34). Widening of shear cracks due to combined in-plane and out-of-plane 

loading resulted in additional stresses in ties. Tie rupture was observed experimentally at specimen 

failure (Figure 4.15 and Figure 4.16). Rupture of ties was also observed in the FE model (Figure 

8.37). The FE model failed due to rupture of multiple ties. Figure 8.38 shows the specimen state 

at peak load. There is extensive diagonal cracking, but the concrete does not slide on the shear 

crack plane [consistent with experimental observations at failure (Figure 4.12 to Figure 4.14)]. 

Sliding of concrete over the diagonal shear crack plane was apparent in SC-T-2.5Vn (Figure 4.48 

and Figure 8.29). Thus, spacing of ties at half the section thickness increases the out-of-plane 

strength of the specimen and thereby improves the in-plane behavior of SC wall piers (for similar 

magnitudes of out-of-plane loads) by arresting the out-of-plane shear cracks. 

8.1.4 Discussion 

FE models reasonably predict the experimentally observed response of the specimens. Comparison 

of FE results with experimental observations has been discussed in the previous section (Section 

8.1.3). Initial stiffnesses observed from the FE models and the experiments compare well. 

However, the FE models overestimate the secant stiffness of the specimens. This is partly because 
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the concrete model used is elastic-perfectly plastic. Additionally, the model was loaded 

monotonically whereas the experiments employed cyclic loading protocol. This would result in 

the FE model not adequately capturing the concrete cracking and steel yielding due to multiple 

cycles. Strength results obtained from FE models are consistent with experimental observations. 

The response of FE wall pier models for biaxial loading was flexure controlled, and the peak 

strengths for FE models (except SC-T-2.5Vn) reached or exceeded VMyc. Specimen SC-T-2.5Vn 

failed in vector shear due to the magnitude of out-of-plane force being 2.5 times the out-of-plane 

strength. Flexural yielding and buckling of the faceplates were observed in the models. The low 

aspect ratio of the specimens enabled the concrete compression strut to form. However, the  

compression strut cannot anchor in at the base, and therefore its effectiveness is limited. Based on 

the experimental and finite element results, the interaction of in-plane and out-of-plane moments 

can be defined using a cross-section based fiber model (as discussed in Chapter 7). 

The benchmarked finite element models developed can be employed to conduct parametric studies 

for biaxial loadings on SC walls. Other concrete models may need to be explored to improve the 

simulation of compression behavior of concrete infill in the models. The cyclic response of FE 

models can then be evaluated. The parametric studies and cyclic analysis will provide more 

information into the biaxial interaction of the specimens, and can be employed to validate the 

proposed axial force-biaxial moment-shear interactions in Chapter 7. 

SC Wall and Wall Piers: In-plane and Thermal Loading 

Chapter 6 presents the experimental evaluation of SC wall and wall pier specimens subjected to 

combined in-plane and accident thermal loading. Control SC wall pier specimen (SC-T-C) was 

also the control specimen for this series of tests (SC-WP-C). One heated SC wall pier specimen 

(SC-WP-H) was tested. One heated SC wall specimen (SC-W-H) was tested. The heated 
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specimens were subjected to surface temperatures of 149˚C and 232˚C, and heating durations of 1 

hour and 3 hours. Finite element model for SC-WP-C (SC-T-C) was discussed in Section 8.1.3.1. 

This section discusses the finite element models for specimens subjected to combined in-plane and 

accident thermal loadings. 

8.2.1 Model Geometry 

Detailed 3D finite element models were developed in LS-Dyna [91] to simulate the response of 

SC walls and wall pier specimens. FE model geometry for SC-WP-H was the same as for SC-

0.5T-Vn and has been discussed in Section 8.1.1. FE model geometry for SC wall is presented in 

Figure 8.39. As for wall pier models, the baseplate-to-specimen weld was not modeled (discussed 

in Section 8.1.1). Since corrected specimen displacements were obtained from the experiments, 

foundation block was not modeled. Steel, concrete, studs and tie elements were consistent with 

those used for SC wall pier model (shown in Figure 8.2). 

Faceplates and flangeplates were joined together (the weld was not modeled). Monotonic in-plane 

loading was applied at 876 mm from the base. For models with thermal loading, bottom 610 mm 

region of the specimen was subjected to thermal loading.  

8.2.2 Material Models 

Concrete infill was modeled using Winfrith concrete model (MAT 85). Definition of material 

parameters and material limitations were previously discussed in Section 8.1.2.1. Measured day-

of-test concrete strength (Table 5.1) was used to define the concrete model parameters. Steel plates 

were modeled using “Plasticity_with_damage” material model discussed previously in Section 

8.1.2.2. For SC-WP-H, uniaxial stress-strain curve was modeled based on tension coupon tests 

(shown in Figure 8.3). The input effective stress-strain curve for faceplates was presented in Figure 

8.4. Measured steel (faceplate and flangeplate) properties for SC-W-H specimen were used 
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(presented in Table 5.1) to define the wall FE models. 12 GA Gr 50  material was used for  

faceplates (webplates) with a yield strength of 395 MPa, tensile strength of 453 MPa, and 

elongation of 32%. A572 Gr 50 steel was used for flangeplates, with a measured yield strength of 

413 MPa, tensile strength of 596 MPa, and elongation of 25%. Input effective stress-strain curves 

for faceplates and flangeplates were built using measured properties, considering power law 

coefficient of 3, yield plateau length of 8y, and strain ductility factor of 85. These values are 

typical values for A572 Gr. 50 steel. Input effective stress-strain curves for flangeplates and 

faceplates are presented in Figure 8.40 and Figure 8.41 respectively. For 12 GA Gr 50 faceplates, 

similar stress-strain curves were used by Bruhl [132]. 

Thermal properties for steel and concrete based on Eurocode [114] were used for FE models. These 

properties have been discussed previously in Section 2.6.1. As discussed, there is not a significant 

reduction in mechanical properties  of steel and concrete for surface temperatures of 149˚C. 

Therefore, temperature dependent mechanical properties are not considered for 149˚C. The effect 

of temperature dependent mechanical properties for surface temperature of 232˚C is evaluated in 

the FE models. The concrete and steel models used were not capable of temperature dependent 

material properties. However, for the concrete and steel temperatures in consideration, the 

reduction in strength is not significant. The reduction in elastic modulus was incorporated by 

reducing the tangent modulus values for steel and concrete models. Steel modulus of elasticity was 

reduced by 13% and concrete modulus was reduced by 20%. The basis of this reduction was 

experimentally observed temperature distribution through the thickness (as discussed in Section 

6.2). 
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8.2.3 Model Results and Comparisons 

This section presents the results of finite element (FE) models for specimens (SC-WP-H) and SC-

W-H. FE model results are compared with experimental observations. FE models are then 

employed to evaluate the individual response of concrete infill and steel plates. 

8.2.3.1 SC-WP-H 

Specimen SC-WP-C (same as SC-T-C) was subjected to just in-plane loading (no thermal loading). 

FE model results for the specimen were discussed in Section 8.1.3.1. FE model results for 

specimen SC-WP-H are presented in this section. The specimen had tie spacing of half the section 

thickness (similar to SC-0.5T-Vn) and was subjected to cyclic in-plane loading in combination 

with accident thermal loading. The response of SC-WP-H was evaluated for the following loading 

conditions: 

 Ambient: The FE model was subjected to monotonically increasing in-plane 

displacement (no thermal loading) to obtain the response at ambient temperatures. 

 149˚C-no preload: FE analysis was conducted to evaluate the effect of accident thermal 

loads on the initial stiffness of the specimens. Accident thermal loading was applied 

before in-plane loading. Sequentially coupled thermal-structural analysis was 

performed. The thermal FE model was subjected to surface temperatures of 149˚C. The 

surface temperatures were increased from ambient temperatures (considered as 21˚C) 

to 149˚C in 45 minutes. Heat transfer analysis was conducted using the thermal FE 

model. Nodal temperatures from the thermal analysis were input into the structural 

model, and structural analysis was conducted by applying monotonically increasing in-

plane loading (load control). In-plane loading protocol was changed to load control to 

be consistent with models with pre-load, where the in-plane load was maintained 
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constant while accident temperatures were applied (discussed in the following 

paragraph). The loading rate was set to ensure that through thickness temperature 

gradients at the time step when the FE model reached its peak strength were similar to 

those observed experimentally (Figure 6.4). 

 149˚C-preload: Typically, the structural walls will be cracked due to existing service 

loads when a thermal accident occurs. Additionally, the loading and heating protocol 

for experiments conducted comprised of ambient load cycles before thermal loading 

was applied (Figure 5.6). To simulate this scenario, an in-plane load of magnitude 

0.54VMp was applied before accident thermal loading was applied. The thermal-

structural analyses were sequentially coupled. After the pre-loading, the surface 

temperatures were increased from ambient temperatures (considered as 21˚C) to 149˚C 

in 45 minutes, with the in-plane load maintained constant. The in-plane load was then 

increased monotonically till failure. Since a pre-load needed to be applied and 

maintained during the heating, the loading protocol was changed to load control. 

Additionally, the load was applied to the interior region (leaving out 125 mm from each 

edge) to ensure that the edge concrete elements do not deform excessively post-

cracking. 

 232˚C-no preload: The peak surface temperature in FE models for case ‘149˚C-no 

preload’ was updated to evaluate the specimen response for surface temperature of 

232˚C. The surface temperatures were increased from ambient temperatures 

(considered as 21˚C) to 232˚C in 45 minutes. The loading rate was set to ensure that 

through thickness temperature gradients at the time step when the FE model reached 

its peak strength were similar to those observed experimentally (Figure 6.5). 
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 232˚C-preload: The peak surface temperature in FE models for case ‘149˚C-preload’ 

was updated to evaluate the specimen response for surface temperature of 232˚C. In-

plane load of magnitude 0.54VMp was applied before accident thermal loading was 

applied. The thermal-structural analyses were sequentially coupled. After the pre-

loading, the surface temperatures were increased from ambient temperatures 

(considered as 21˚C) to 232˚C in 45 minutes, with the in-plane load maintained 

constant. The in-plane load was then increased monotonically till failure. 

 232˚C-no preload-TD: The FE models for case ‘232˚C-no preload’ were employed to 

evaluate the effect of reduced modulus of elasticity of concrete and steel due to elevated 

temperatures. The reduction was based on discussion in Sections 8.2.2 and 6.2. 

 232˚C-preload-TD: The FE models for case ‘232˚C-preload’ were employed to 

evaluate the effect of reduced modulus of elasticity of concrete and steel due to elevated 

temperatures. Since the FE model was pre-loaded at ambient temperatures, using 

reduced steel and concrete moduli may result in marginally lower stiffness pre-heating. 

Results for these FE models are evaluated in this section, and compared with experimental 

observations. Figure 8.42 presents the comparison of experimental and numerical (FE) backbone 

curves. Experimental backbone curve is corrected for base slip and rotation to obtain the net drift 

of the wall. The curve is based on the average of push and pull cycle force and displacement values. 

Average values were used so that the average reduction in experimental stiffness due to accident 

thermal loading can be compared with the reduction in FE model stiffness. As discussed in 

Chapters 5 and 6, the SC wall pier specimen was subjected to ambient and heated (149˚C and 

232˚C) cycles at a force level of 0.75Fn. The displacements corresponding to these cycles have 

been included in the backbone curve, to enable comparisons with FE models. FE models for 
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ambient temperatures and surface temperatures of 149˚C and 232˚C (with preload) are also plotted 

in the figure. 

In Figure 8.42, ambient secant stiffness of the FE models is higher than experimental ambient 

secant stiffness. However, the experimental backbone curve is obtained from cyclic loading history 

of SC-WP-C. Cyclic loading is expected to result in reduced stiffness (in comparison to monotonic 

loading) due to additional concrete cracking and faceplate yielding. Additionally, considering the 

average push and pull cycle values for experimental backbone curve reduced the stiffness (pull 

cycles were less stiff than corresponding push cycles). Peak strength for FE models matches well 

with experimentally observed strength. Specimen SC-WP-H had reached a peak strength 

corresponding to 1.07VMp (1.25VMyc). The FE models reached similar peak strengths. Therefore, 

the FE models confirm the experimental observation that typical accident temperatures do not 

significantly reduce the strength of SC wall pier specimens. A comparison of ambient and heated 

FE models indicates that accident thermal loading results in significant reduction in stiffness of 

the specimen. Heated FE models reach peak strength at drift ratios significantly higher than the 

ambient model. The heated FE backbone curves are highly non-linear as thermal loading results 

in concrete cracking, reducing the stiffness of the specimens. Experimentally observed stiffness 

reduction due to accident thermal loading was discussed in Section 6.2. There was 20% reduction 

for 149˚C and 40% reduction for 232˚C, in comparison to normalized ambient 0.75Fn cycle  

stiffness. The magnitude of reduction in stiffness in FE models is similar to that observed 

experimentally. Percentage reduction in comparison with the ambient stiffness is higher because 

the ambient stiffness of the FE models is higher. Additionally, the post-heating response of FE 

models is less stiff in comparison to experimental response. This may be because of a more  
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widespread thermally induced concrete cracking and steel yielding in the faceplates for the FE 

model, in comparison with that observed experimentally. 

Figure 8.43 shows the comparison of backbone curves for FE models with/without pre-loading. 

The initial stiffness of models with no preload reduces, as the specimen is pre-cracked due to 

thermal loading. However, the post-heating response of models with pre-heating is similar to those 

with no pre-heating. Figure 8.44 presents the comparison of backbone curves for FE models 

with/without reduced elastic moduli of steel and concrete. Reduction in initial stiffness due to 

reduced elastic moduli is marginal. However, the reduction increases for higher loads, as the extent 

of concrete cracking and steel yielding increases. 

Thermal loading is expected to reduce the concrete resistance to lateral loads, due to thermal 

induced cracking. Steel contribution may also reduce marginally as thermal loads may hasten steel 

yielding. Figure 8.45 presents the overall force-drift response of FE models for ambient and 

accident thermal loadings (cases with pre-load are considered). Steel and concrete contributions to 

overall lateral resistance are presented in Figure 8.46 and Figure 8.47 respectively. As seen in 

Figure 8.47, thermal loading leads to concrete cracking, and the concrete contribution drops even 

as the total lateral force remains constant (drift ratios of 0.1% to 0.2%, initial 45 minutes of heating 

with constant pre-load). The concrete cracking results in an increased contribution of faceplates 

for the same lateral force (initial 45 minutes of heating, drift ratios of 0.1% to 0.2%, Figure 8.46). 

The reduction in concrete contribution is higher for 232˚C as higher temperatures (and higher 

thermal gradient) lead to more cracking in concrete. While the concrete contribution post-heating 

increases as lateral loading is increased, it does reach the peak contribution for ambient 

temperature conditions. The steel contribution increases during the initial 45 minutes of heating 

(with pre-load maintained constant). For 232˚C, the steel contribution drops marginally as 
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additional concrete cracking may be resulting in yielding of the faceplates. The steel contribution 

never reaches shear yield strength (0.6AsFy), thus confirming that the response of SC wall piers is 

flexure-dominated. 

The loading rate was designed to ensure that through-thickness thermal gradients at peak load were 

similar to those observed experimentally (Figure 6.4 and Figure 6.5). Figure 8.48 and Figure 8.49 

present the temperature profile at peak load, and evolution of through-thickness temperatures for 

FE models with surface temperatures of 149˚C and 232˚C respectively. A non-linear thermal 

gradient exists through the thickness of the wall, and the extent of non-linearity decreases as the 

duration of heating increases. At the instance of peak lateral load, center of the wall is at 94˚C for 

surface temperature of 149˚C (the corresponding temperature observed experimentally was 

110˚C). For 232˚C surface temperature, the center temperature at peak load is 120˚C (the 

corresponding temperature observed experimentally was 125˚C). Thus, the temperature profiles 

observed in FE models are similar to those observed experimentally, with FE profiles marginally 

lower than experimental profiles. 

To better understand the reduction in stiffness due to thermal loading, the progression of concrete 

cracking and steel yielding due to thermal and mechanical loads can be evaluated. Figure 8.50, 

Figure 8.51 and Figure 8.52 present the concrete cracking for different SC-WP FE models. For FE 

models with no pre-loading, thermal loading results in symmetric concrete cracking (Figure 8.50). 

The cracks are primarily horizontal and vertical, with some diagonal shear cracks. The extent of 

concrete cracking is higher for surface temperature of 232˚C in comparison to that for surface 

temperature of 149˚C. A pre-load corresponding to 0.54VMp results in flexural cracking at the base, 

and some flexural-shear cracking at the base (Figure 8.51a and Figure 8.52a). When thermal 

loading is applied, with pre-load maintained constant, significant additional flexural and flexural-
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shear cracks develop (Figure 8.51b and Figure 8.52b). The extent of concrete cracking is higher 

for surface temperature of 232˚C in comparison to that for surface temperature of 149˚C. Thus, a 

structure with pre-existing cracks due to mechanical loads will develop concrete cracks based on 

the pre-existing cracks and stress states. For structures with no pre-existing cracking, thermally 

induced cracks will depend on the external and internal restraints. Figure 8.53 to Figure 8.56 

present the faceplate stress state due to thermal and mechanical loading. For specimens with no 

pre-loading, thermal loading results in stress concentration and yielding at the bottom region of 

the faceplates (Figure 8.53a and Figure 8.54a). The stress concentration at base is due to external 

restraint to thermal expansion imposed by the baseplate. Higher thermal strains for the model with 

surface temperature of 232˚C result in more yielding at the base of the faceplates. FE models with 

no-preload failed with extensive faceplate yielding, compression buckling and tension rupture of 

the faceplates (Figure 8.53b and Figure 8.54b). The response is consistent with that observed 

experimentally (Figure 6.13 to Figure 6.16). The mechanical pre-load (magnitude corresponding 

to 0.54VMp) did not result in yielding of the faceplates (Figure 8.55a and Figure 8.56a). Thermal 

loading resulted in stress concentration and yielding at the bottom region of the faceplates (Figure 

8.53b). The stress concentration at base is due to external restraint to thermal expansion imposed 

by the baseplate. Higher thermal strains for the model with surface temperature of 232˚C result in 

more yielding at the base of the faceplates. This behavior is similar to that observed for FE models 

with no pre-loading. However, thermal loading for specimens with pre-load also results in flexural 

yielding along the tension edge of the faceplates. This is because the concrete cracking resulting 

in additional stresses in faceplates (since the lateral load is maintained constant). Failure for FE 

models with pre-load was similar to that for models with no pre-load. The models failed with 

extensive faceplate yielding and compression buckling. 
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8.2.3.2 SC-W-H 

Specimen SC-W-H was subjected to cyclic in-plane loading in combination with accident thermal 

loading. Experimental results for SC-W-H were discussed in Section 6.3. FE model results for the 

specimen are presented in this section. The response of SC-WP-H was evaluated numerically for 

the following loading conditions: 

 Ambient: The FE model was subjected to monotonically increasing in-plane 

displacement (no thermal loading) to obtain the response at ambient temperatures. 

 149˚C-preload: Typically, the walls will be cracked due to existing service loads when 

a thermal accident occurs. Additionally, the loading and heating protocol for 

experiments conducted comprised of ambient load cycles before thermal loading was 

applied (Figure 5.7). To simulate this scenario, an in-plane load of magnitude 

0.50Vn
AISC was applied before the application of accident thermal loading. The thermal-

structural analyses were sequentially coupled. After the pre-loading, the surface 

temperatures were increased from ambient temperatures (considered as 21˚C) to 149˚C 

in 45 minutes, with the in-plane load maintained constant. The in-plane load was then 

increased monotonically till failure. Since a pre-load needed to be applied and 

maintained during the heating, the loading protocol was changed to load control. 

Additionally, the load was applied to the interior region (leaving out 100 mm from each 

edge) to ensure that the edge concrete elements do not deform excessively post-

cracking. 

 232˚C-preload: The FE models for case ‘149˚C-preload’ were employed to evaluate 

the specimen response for surface temperature of 232˚C. In-plane load of magnitude 

0.50Vn
AISC was applied before accident thermal loading was applied. The thermal-
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structural analyses were sequentially coupled. After the pre-loading, the surface 

temperatures were increased from ambient temperatures (considered as 21˚C) to 232˚C 

in 45 minutes, with the in-plane load maintained constant. The in-plane load was then 

increased monotonically till failure. 

Results for these FE models are evaluated in this section, and compared with experimental 

observations. Figure 8.57 presents the comparison of experimental and numerical (FE) backbone 

curves. Experimental backbone curve is corrected for base slip and rotation to obtain the net drift 

of the wall. The curve is based on the average of push and pull cycle force and displacement values. 

Average values were used so that the average reduction in experimental stiffness due to accident 

thermal loading can be compared with the reduction from FE models. As discussed in Chapters 5 

and 6, the specimen was subjected to ambient and heated (149˚C and 232˚C) cycles at a force level 

of 0.75Fn. The displacements corresponding to these cycles have been included in the backbone 

curve, to enable comparisons with FE models. FE models for ambient temperatures and surface 

temperatures of 149˚C and 232˚C (with preload) are also plotted in the figure. 

In Figure 8.57, initial stiffness of the FE models agrees well with experimentally observed 

stiffness. Secant stiffness of the ambient FE model is marginally higher than experimental ambient 

secant stiffness. However, the experimental backbone curve is obtained from cyclic loading history 

of SC-W-H. Cyclic loading is expected to result in reduced stiffness (in comparison to monotonic 

loading) due to additional concrete cracking and faceplate yielding. Peak strength for FE models 

matches well with experimentally observed strength. SC-W-H had reached a peak strength 

corresponding to 1.30Vn
AISC. Peak strengths for ambient and heated FE models are similar. 

Therefore, the finite element models confirm the experimental observation that typical accident 

temperatures do not significantly reduce the strength of SC wall specimens. A comparison of 
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ambient and heated FE models indicates that accident thermal loading results in significant 

reduction in stiffness of the specimen. Heated FE models reach peak strength at drift ratios 

significantly higher than the ambient model. The heated FE backbone curves are highly non-linear 

as thermal loading results in concrete cracking, reducing the stiffness of the specimens. 

Experimentally observed stiffness reduction due to accident thermal loading was discussed in 

Section 6.3. There was 28% reduction for 149˚C and 43% reduction for 232˚C, in comparison to 

normalized ambient 0.75Fn cycle stiffness. The magnitude of reduction in stiffness in FE models 

is similar to that observed experimentally. Percentage reduction in comparison with ambient 

stiffness is higher for FE models because the ambient stiffness of the FE models is higher. 

Additionally, the post-heating response of FE models is less stiff in comparison to experimental 

response. This may be because of a more widespread thermally induced concrete cracking and 

steel yielding in the faceplates for the FE model, in comparison with that observed experimentally. 

Thermal loading is expected to reduce the concrete resistance to lateral loads, due to thermally 

induced cracking. Steel contribution may also reduce marginally as thermal loads may hasten steel 

yielding. Figure 8.58 presents the overall force-drift response of FE models for ambient and 

accident thermal loadings. Steel and concrete contribution to overall lateral resistance are 

presented in Figure 8.59 and Figure 8.60 respectively. As seen in Figure 8.60, thermal loading 

leads to concrete cracking, and the concrete contribution drops even as the total lateral force 

remains constant (drift ratios of 0.1% to 0.2%, initial 45 minutes of heating with constant pre-

load). The concrete cracking results in an increased contribution of faceplates for the same lateral 

force (initial 45 minutes of heating, drift ratios of 0.1% to 0.2%, Figure 8.59). The reduction in 

concrete contribution is higher for 232˚C as higher temperatures (and higher thermal gradient) lead 

to more cracking in concrete. The concrete contribution post-heating increases as lateral loading 
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is increased and reaches the peak contribution for ambient temperature conditions. The steel 

contribution increases during the initial 45 minutes of heating (with pre-load constant). Faceplates 

for heated FE models reach the peak shear contribution (corresponding to steel shear yield strength, 

0.6AsFy) before the faceplates for the ambient model. This is because additional concrete cracking 

due to thermal loads results in higher stresses in faceplates. 

Since no control specimen (at ambient conditions) was tested for SC-W, it is valuable to evaluate 

the response of concrete infill and steel plates at ambient temperatures. As seen in Figure 8.57, 

peak strength for ambient FE model matches the strength observed experimentally, and for heated 

FE models. Figure 8.61a presents the concrete cracking at force levels close to the peak (3070-

kN). Response of the concrete infill is shear dominated, with shear and flexural-shear cracks. 

Flexural cracking is also observed on the tension side. Figure 8.61b presents the Von-Mises 

stresses in steel plates at force levels close to the peak load (3070-kN). There is significant yielding 

in the faceplates. No yielding was observed in the flangeplates. However, the compression strut 

anchoring in to the flangeplate resulted in high localized stresses in the bottom region of the 

faceplates. As discussed in Section 6.3, concrete compression strut had resulted in bulging of the 

flangeplates, ultimately leading to baseplate-faceplate-flangeplate weld rupture (Figure 6.25, 

Figure 6.27 and Figure 6.28). 

For heated FE models, the loading rate was adjusted to ensure that through-thickness thermal 

gradients at peak load were similar to those observed experimentally (Figure 6.21). Figure 8.62a 

and Figure 8.62b present the temperature profiles at peak load for FE models with surface 

temperatures of 149˚C and 232˚C respectively. The evolution of non-linear gradient was similar 

to that observed for SC-WP models. However, since the wall models were heated on the flange 

and web (only the faceplates were heated for SC-WP models), a thermal gradient existed through 
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the length of the specimen too. The temperature profiles observed in FE models are similar to those 

observed experimentally, with FE profiles marginally lower than experimental profiles. 

To better understand the reduction in stiffness due to thermal loading, the progression of concrete 

cracking and steel yielding due to thermal and mechanical loads can be evaluated. Figure 8.63 and 

Figure 8.64 present the concrete cracking for heated SC-W FE models. A pre-load corresponding 

to 0.50Vn
AISC results in flexural-shear cracking at the base on the tension side (Figure 8.63a and 

Figure 8.64a). When thermal loading is applied, with pre-load maintained constant, significant 

additional flexural and flexural-shear cracks develop in the specimen (Figure 8.63b and Figure 

8.64b). The extent of concrete cracking is higher for surface temperature of 232˚C in comparison 

to that for surface temperature of 149˚C. Thus, a structure with pre-existing cracks due to 

mechanical loads will develop concrete cracks based on the pre-existing cracks and stress states. 

Figure 8.65 and Figure 8.66 present the faceplate stress state due to thermal and mechanical 

loading. The mechanical pre-load (magnitude corresponding to 0.50Vn
AISC) did not result in 

yielding of the faceplates (Figure 8.65a and Figure 8.66a). Thermal loading resulted in stress 

concentration and yielding at the restrained region (bottom and top corners) of the faceplates 

(Figure 8.53b). The stress concentration is due to external restraint to thermal expansion. Higher 

thermal strains for the model with surface temperature of 232˚C result in more yielding in the 

faceplates. Failure for FE models with thermal loading was similar to that for the ambient model. 

Steel stress for heated models at failure is shown in Figure 8.67. There is extensive yielding in the 

faceplates. Additionally, the concrete compression strut results in localized flangeplate yielding. 

8.2.4 Discussion 

FE models reasonably predict the experimentally observed response of the specimens. Comparison 

of FE results with experimental observations has been discussed in the previous section (Section 
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8.2.3.2). Ambient stiffness of SC wall FE models compares well with experimentally observed 

stiffness. Ambient SC wall pier FE models overestimate the stiffness in comparison to 

experimentally observed stiffness. This is partly because the concrete model used is elastic-

perfectly plastic. Additionally, the model was loaded monotonically whereas the experiments 

employed cyclic loading protocol. This would result in the FE model not adequately capturing the 

concrete cracking and steel yielding due to multiple cycles. Strength results obtained from FE 

models are consistent with experimental observations. SC wall pier FE models subjected to 

accident thermal loadings reached a peak strength marginally greater than the force corresponding 

to plastic moment capacity (VMp). SC wall models reached a peak strength of 1.30 times the 

nominal in-plane shear strength of the wall (Vn
AISC). Peak strengths for ambient and heated FE 

models were similar. Accident thermal loads resulted in significant reduction in the stiffness. 

Reduced stiffness leads to heated SC FE models reaching peak strengths at drift ratio significantly 

larger than that for ambient FE models. The magnitude of reduction in stiffness observed in FE 

models was consistent with that observed in the experiments. Reduction in stiffness is primarily 

due to cracking of concrete caused by non-linear thermal gradient through the cross-section of the 

wall. Concrete cracking results in reduced contribution of concrete to lateral strength, which 

increases the stress in steel at similar force levels. This leads to hastening of steel yielding in the 

specimen. For the range of accident temperatures, the contribution of reduced steel and concrete 

elastic moduli to stiffness reduction is marginal. 

The benchmarked finite element models developed can be employed to conduct parametric studies 

for a combination of thermal and lateral loadings on SC walls and wall piers. Other concrete 

models need to be explored to improve the simulation of compression behavior of concrete infill 

in the models. The cyclic response of FE models can then be evaluated. The parametric studies 
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and cyclic analysis will provide more information regarding the effects of accident thermal 

loadings on the lateral load response of SC structures, and can be employed to validate the 

proposed equations for effective in-plane flexural and shear stiffness of SC walls and wall piers 

subjected to combination of in-plane and accident thermal loads (discussed in Section 6.4). 

Chapter Summary 

This chapter presents the results from finite element analysis. Detailed finite element (FE) analysis 

models were built to simulate the experiments presented in this dissertation. Details and limitations 

of the material models employed were discussed. FE results were compared to experimental 

results. 

FE models for biaxially loaded SC wall pier specimens agreed reasonably with experimental 

results. The FE peak strengths were within 5% of the experimental strengths. Monotonically 

loaded FE models had a marginally stiffer response in comparison to experiments. The response 

of FE wall pier models was flexure controlled, and the models (except SC-T-2.5Vn) reached 

strengths higher than their compression yield moment capacity, VMyc. Specimen SC-T-2.5Vn failed 

in vector shear due to the magnitude of out-of-plane force being 2.5 times the out-of-plane strength. 

Flexural yielding and buckling of the faceplates was observed in the models. The low aspect ratio 

of the specimen enabled the concrete compression strut to form. However, the compression strut 

cannot anchor in at the base, and therefore its effectiveness is limited. 

FE analyses for SC wall pier and wall specimens subjected to combined in-plane and accident 

thermal loading were conducted. The analysis results agreed reasonably with experiments. The 

ambient stiffness of SC wall FE models compares well with experimentally observed stiffness. 

Ambient SC wall pier FE models marginally overestimate the stiffness in comparison to 

experimentally observed stiffness. SC wall pier FE models subjected to accident thermal loadings 
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reached a peak strength marginally greater than the force corresponding to plastic moment capacity 

(VMp). SC wall models reached a peak strength of 1.30 times the nominal in-plane shear strength 

of the wall (Vn
AISC). Peak strengths for ambient and heated FE models were similar. Accident 

thermal loads resulted in significant reduction in the stiffness. Reduced stiffness leads to heated 

SC FE models reaching peak strengths at drift ratio significantly larger than that for ambient FE 

models. The magnitude of reduction in stiffness observed in FE models was consistent with that 

observed in the experiments. Reduction in stiffness is primarily due to cracking of concrete caused 

by non-linear thermal gradient through the cross-section of the wall. Concrete cracking results in 

reduced contribution of concrete to lateral strength, which increases the stress in steel at similar 

force levels. This leads to hastening of steel yielding in the specimen 

Since the FE model results are consistent with experiments, these benchmarked models can be 

used to conduct parametric studies and further validate the recommendations provided (based on 

experimental results). 
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Figure 8.1 Details of SC wall pier model 

Figure 8.2 Details of SC wall pier model (element type and material model) 
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Figure 8.3 Data from faceplate tension coupons (Specimens SC-0.5T-Vn, SC-T-Vn, SC-T-2.5Vn 
and SC-WP-H) 

Figure 8.4 Faceplate effective stress-plastic strain input for LS-DYNA (specimens SC-0.5T-Vn, 
SC-T-Vn, SC-T-2.5Vn and SC-WP-H) 
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Figure 8.5 SC-T-C: Comparison of experimental and finite element backbone curves 

Figure 8.6 SC-T-C: Faceplate PEEQ strain at peak load 
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Figure 8.7 SC-T-C: Faceplate Von-Mises stress at peak load (in psi units, 1 psi=6.9 kPa) 

Figure 8.8 SC-T-C: Concrete principal compression stress at peak load (in psi units, 1 psi=6.9 
kPa) 
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Figure 8.9 SC-T-C: Concrete cracking at peak load 

Figure 8.10 SC-T-C: Distribution of in-plane force in steel faceplates and concrete infill 
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Figure 8.11 SC-T-C: Tie bar PEEQ at failure 

Figure 8.12 SC-T-Vn: Comparison of experimental and finite element backbone curves 
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Figure 8.13 SC-T-Vn: Tensile strain in faceplate due to out-of-plane loading 

Figure 8.14 SC-T-Vn: Compressive strain in faceplate due to out-of-plane loading 
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Figure 8.15 SC-T-Vn: Concrete cracking and principal compressive stress due to out-of-plane 
loading (in psi units, 1 psi=6.9kPa) 

Figure 8.16 SC-T-Vn: Tie stress due to out-of-plane loading (in psi units, 1psi=6.9kPa) 



 

 
 

 

 

 

293 

Figure 8.17 SC-T-Vn: Faceplate Von-Mises stress at peak in-plane load (in psi units, 1 psi=6.9 
kPa) 

Figure 8.18 SC-T-Vn: Concrete cracking at peak in-plane load 
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Figure 8.19 SC-T-Vn: Tie strain at peak in-plane load 

Figure 8.20 SC-T-Vn: Specimen at peak load 
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Figure 8.21 SC-T-2.5Vn: Comparison of experimental and finite element backbone curves 
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Figure 8.22 SC-T-2.5Vn: Faceplate tensile strains due to out-of-plane loading 

Figure 8.23 SC-T-2.5Vn: Faceplate tensile strains due to out-of-plane loading 
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Figure 8.24 SC-T-2.5Vn: Concrete cracking and compressive principal stress due to out-of-plane 
loading (in psi units, 1 psi=6.9kPa) 

Figure 8.25 SC-T-2.5Vn: Von-Mises stress in ties due to out-of-plane loading (in psi units, 1 
psi=6.9kPa) 
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Figure 8.26 SC-T-2.5Vn: Faceplate yielding and bulging at peak in-plane load (in psi units, 1 
psi=6.9 kPa) 

Figure 8.27 SC-T-2.5Vn: Concrete cracking at peak in-plane load 
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Figure 8.28 SC-T-2.5Vn: Tie yielding at peak in-plane load 

Figure 8.29 SC-T-2.5Vn: Specimen state at peak in-plane load 
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Figure 8.30 SC-0.5T-Vn: Comparison of experimental and finite element backbone curves 
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Figure 8.31 SC-0.5T-Vn: Faceplate tensile strain due to out-of-plane loading 

Figure 8.32 SC-0.5T-Vn: Faceplate compressive strains due to out-of-plane loading 
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Figure 8.33 SC-0.5T-Vn: Concrete cracking and principal compressive stress due to out-of-plane 
loading (in psi units, 1 psi=6.9 kPa) 

Figure 8.34 SC-0.5T-Vn: Tie yielding due to out-of-plane loading 
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Figure 8.35 SC-0.5T-Vn: Faceplate yielding and buckling at peak in-plane load (in psi units, 1 
psi=6.9 kPa) 

Figure 8.36 SC-0.5T-Vn: Concrete cracking and principal compressive stress at peak in-plane 
load 
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Figure 8.37 SC-0.5T-Vn: Tie yielding and rupture at peak in-plane load 

Figure 8.38 SC-0.5T-Vn: Specimen state at peak in-plane load 
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Figure 8.39 SC Wall model details 

Figure 8.40 SC Wall Model: input stress-strain curve for flangeplates 
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Figure 8.41 SC Wall Model: input stress-strain curve for faceplates 

Figure 8.42 SC-WP-H: Comparison of experimental and finite element backbone curves 



 

 
 

 

 

 

307 

Figure 8.43 SC-WP-H: Comparison of FE backbone curves for cases with and without pre-
loading (before heating) 

Figure 8.44 SC-WP-H: Comparison of FE backbone curves for cases with and without 
temperature dependent (TD) elastic moduli 
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Figure 8.45 SC-WP-H: FE model overall force drift response 
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Figure 8.46 SC-WP-H: FE model comparison of lateral force resisted by steel faceplates 

Figure 8.47 SC-WP-H: FE model comparison of lateral force resisted by concrete infill 
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a) Temperature profile at peak load 

b) Evolution of temperature through the thickness 

Figure 8.48 SC-WP-H: FE model temperature distribution for surface at 149˚C 
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a) Temperature profile at peak load 

b) Evolution of temperature through the thickness 

Figure 8.49 SC-WP-H: FE model temperature distribution for surface at 232˚C 
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a) Surface temperature of 149˚C 

b) Surface temperature of 232˚C 

Figure 8.50 SC-WP-H: Concrete cracking at 45 minutes of heating for FE models with no pre-
loading 
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a) Before heating (Lateral load of 0.54 VMp) 

b) At 45 minutes of heating (Lateral load of 0.54 VMp) 

Figure 8.51 SC-WP-H: Concrete cracking for FE models with pre-loading and surface 
temperature of 149˚C 
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a) Before heating (Lateral load of 0.54 VMp) 

b) At 45 minutes of heating (Lateral load of 0.54 VMp) 

Figure 8.52 SC-WP-H: Concrete cracking for FE models with pre-loading and surface 
temperature of 232˚C 
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a) At 45 minutes of heating 

b) At failure 

Figure 8.53 SC-WP-H: Faceplate Von-Mises stresses for FE model with no pre-loading and 
surface temperature of 149˚C (in psi units, 1 psi=6.9 kPa) 
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a) At 45 minutes of heating 

b) At failure 

Figure 8.54 SC-WP-H: Faceplate Von-Mises stresses for FE model with no pre-loading and 
surface temperature of 232˚C (in psi units, 1 psi=6.9 kPa) 
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a) Before heating (Lateral load of 0.54 VMp) 

b) At 45 minutes of heating (Lateral load of 0.54 VMp) 

Figure 8.55 SC-WP-H: Faceplate Von-Mises stress for FE models with pre-loading and surface 
temperature of 149˚C (in psi units, 1 psi=6.9 kPa) 
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a) Before heating (Lateral load of 0.54 VMp) 

b) At 45 minutes of heating (Lateral load of 0.54 VMp) 

Figure 8.56 SC-WP-H: Faceplate Von-Mises stress for FE models with pre-loading and surface 
temperature of 232˚C (in psi units, 1 psi=6.9 kPa) 
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Figure 8.57 SC-W-H: Comparison of experimental and finite element backbone curves 

Figure 8.58 SC-W-H: FE model overall force drift response 
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Figure 8.59 SC-W-H: FE model comparison of lateral force resisted by steel faceplates 

Figure 8.60 SC-WP-H: FE model comparison of lateral force resisted by concrete infill 
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a) Concrete infill 

b) Steel plates 

Figure 8.61 SC-W-H: Ambient FE model state at lateral force close to peak load (3070-kN), in 
psi units (1psi=6.95kPa) 



 

 
 

 
 

 
 

 

 

322 

a) Surface temperature of 149˚C 

b) Surface temperature of 232˚C 

Figure 8.62 SC-W-H: Temperature profile for FE models at peak load 
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AISC)a) Before heating (Lateral load of 0.50 Vn 

AISC)b) At 45 minutes of heating (Lateral load of 0.50 Vn 

Figure 8.63 SC-W-H: Concrete cracking for FE models with pre-loading and surface temperature 
of 149˚C (in psi units, 1 psi=6.9 kPa) 
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AISC)a) Before heating (Lateral load of 0.50 Vn 

AISC)b) At 45 minutes of heating (Lateral load of 0.50 Vn 

Figure 8.64 SC-W-H: Concrete cracking for FE models with pre-loading and surface temperature 
of 232˚C (in psi units, 1 psi=6.9 kPa) 
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AISC)a) Before heating (Lateral load of 0.50 Vn 

AISC)b) At 45 minutes of heating (Lateral load of 0.50 Vn 

Figure 8.65 SC-W-H: Faceplate Von-Mises stress for FE models with pre-loading and surface 
temperature of 149˚C (in psi units, 1 psi=6.9 kPa) 
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AISC)a) Before heating (Lateral load of 0.50 Vn 

AISC)b) At 45 minutes of heating (Lateral load of 0.50 Vn 

Figure 8.66 SC-W-H: Faceplate Von-Mises stress for FE models with pre-loading and surface 
temperature of 232˚C (in psi units, 1 psi=6.9 kPa) 



 

 
 

 

 
 

 

 
 

 

 

327 

a) Surface temperature of 149˚C 

b) Surface temperature of 232˚C 

Figure 8.67 SC-W-H: Faceplate Von-Mises stress at peak load for FE models with pre-loading 
(in psi units, 1 psi=6.9 kPa) 
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9. SUMMARY, CONCLUSIONS, RECOMMENDATIONS, LIMITATIONS 
AND DIRECTIONS FOR FUTURE RESEARCH 

This chapter summarizes the research presented in this dissertation. Conclusions and 

recommendations based on the experimental and numerical observations are enlisted. In the end, 

directions for future research are described. 

Summary 

SC walls (with boundary elements) and wall piers (without boundary elements) may be subjected 

to a combination of demands due to cascading hazards. This dissertation presents research 

conducted to evaluate the in-plane response of SC structures subjected to out-of-plane and accident 

thermal loading. Two series of experimental and numerical studies were conducted. 

9.1.1 Experimental Investigations 

First series of experiments comprised of four SC wall pier specimens. One control specimen was 

subjected to in-plane loading (no out-of-plane loading). Three specimens were subjected to 

different magnitudes of out-of-plane loading in combination with in-plane loading. The test matrix 

was designed to evaluate the effect of magnitude of out-of-plane loading, and tie spacing on the 

in-plane response of wall piers. The test setup was designed based on the magnitude of out-of-

plane force and expected the in-plane strength of the specimens. Clevises with press-fit spherical 

plain bearings were designed and fabricated to enable orthogonal deformations of the specimens 

without resulting in stresses in the loading rams. Biaxially loaded specimens were subjected to 

incremental cyclic out-of-plane loading till the desired out-of-plane force magnitude was achieved. 

The out-of-plane force magnitude was then maintained, and incremental in-plane cyclic loading 

was applied up to failure. 
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Experimental results indicate that the in-plane response of wall piers with aspect ratios greater than 

or equal to 0.6 was flexure dominated, with specimens failing due to excessive faceplate yielding, 

compression buckling, and concrete spalling. Introducing an out-of-plane force resulted in out-of-

plane shear and moment in the wall piers. The out-of-plane response of wall pier specimens was 

flexure controlled with concrete cracking. Out-of-plane flexural stiffness can be reasonably 

estimated using the provisions of AISC N690s1. Diagonal shear cracking of the wall piers 

depended on the magnitude of out-of-plane force in comparison to concrete contribution to shear 

strength (Vc). SC wall pier with ties spaced at half the section thickness developed diagonal shear 

cracks when subjected to out-of-plane shear equal to the nominal shear strength. No diagonal shear 

cracking was observed for wall pier specimen with ties spaced at section thickness and subjected 

to out-of-plane shear equal to nominal shear strength. Wall piers subjected to out-of-plane shear 

equal to their nominal shear strength (per US codes) develop flexural yielding and failure due to 

the interaction between the in-plane and out-of-plane moments. Shear failure does not occur for 

these wall piers. The in-plane flexural strength of the specimens was influenced by the magnitude 

of out-of-plane moments. The wall pier specimen subjected to an out-of-plane shear force that is 

2.5 times the nominal shear strength (per US codes) was forced into a shear failure mode by the 

interaction of in-plane shear and out-of-plane shear. Specimens subjected to biaxial loading 

exhibited asymmetric response with the twisting of the specimens, and tie rupture for SC-0.5T-Vn. 

The second series of experiments involved subjecting one SC wall and one SC wall pier specimen 

to different magnitudes and durations of accident temperatures in combination with in-plane 

loading. Control specimen for the first series of tests was also used as control wall pier specimen 

for this series. The test matrix was designed to evaluate the effect of magnitude and duration of 

accident temperatures on the in-plane response of wall piers. Wall pier specimen was designed to 
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have a flexure-controlled response (aspect ratio of 0.6). The wall specimen was designed to 

undergo in-plane shear failure. Two temperature magnitudes (149˚C and 232˚C) and two heating 

durations (1-hour and 3 hours) were selected. The specimens were subjected to heating and loading 

cycles. SC wall pier specimen was subjected to heating on the faceplates. SC wall specimen was 

subjected to heating on the faceplates (web plate) and flangeplates. The test setup was designed 

based on the expected in-plane capacity of the specimens. Accident thermal loading was applied 

using high-temperature ceramic-fiber radiant heating panels. Each heater was controlled 

individually and operated on a feedback control loop that referenced a thermocouple attached to 

the heated surface of the specimens. Surface thermocouples and through-thickness thermocouple 

trees were used to obtain the evolution of thermal gradient in specimens with time. 

Experimental results indicate that accident thermal loading resulted in non-linear thermal gradients 

through the thickness of the specimens. The non-linearity of thermal gradients was higher for 

higher surface temperatures. The gradient reduced as the duration of heating increased. The 

measured in-plane strength of heated wall pier specimen was 1.25 times the in-plane force 

corresponding to compression yield moment capacity. Similarly, the measured in-plane strength 

of heated wall specimen was 1.29 times the nominal in-plane shear strength (using measured 

properties) per AISC N690s1. Therefore, typical accident thermal temperatures do not 

significantly reduce the strength of SC walls. The strength can be calculated using current strength 

equations (per US codes) for ambient temperatures. 

However, non-linear thermal gradients lead to concrete cracking due to external and self-restraint. 

Concrete cracking results in significant reduction in the stiffness of SC walls. The extent of the 

reduction in stiffness depends on the temperature magnitude and duration of the thermal accident. 

Secant stiffness (and shear stiffness) of SC wall specimen reduces by about 25% for 149˚C and 
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40% for 232˚C, in comparison to secant (and shear) stiffness at ambient temperatures. For SC wall 

piers, the reduction is about 20% for 149˚C and 40% for 232˚C. The in-plane shear and flexural 

stiffnesses of SC walls can be considered to linearly reduce from cracked stiffness to steel only 

(fully cracked) stiffness for temperature increments (T) of 0˚C to 150˚C. The recommended 

stiffnesses compare reasonably with experimentally observed stiffness for heated cycles. Since the 

recommendations provide a lower bound stiffness, they eliminate the need for considering 

temperature-dependent properties for typical accident temperatures. 

9.1.2 Numerical Investigations 

Results from the first series of experiments (SC wall piers subjected to a combination of in-plane 

and out-of-plane loadings) indicated a biaxial flexure interaction exists for SC wall piers. A finite-

difference based cross-section fiber analysis model was developed for evaluating axial force-

biaxial moment-shear interaction for SC wall piers. The model iteratively establishes equilibrium 

for axial forces and biaxial moments. Shear interaction is considered by incorporating Mohr-

Coulomb based shear failure for concrete and Von-Mises yielding for steel. The model was 

validated using experimental results for wall pier specimens subjected to biaxial loadings. P-M 

interaction for wall piers is evaluated using the fiber model. The biaxial moment interaction was 

updated to consider P-M interaction. A tri-linear design interaction for biaxial moments was 

developed. The design interaction surface compares conservatively with fiber model, finite 

element model results, and experimental results. For shear controlled SC wall piers, the biaxial 

interaction surface is updated to consider vector shear failure of concrete, and Von-Mises yielding 

of faceplates. The fiber model can be employed to obtain axial force-biaxial moment-shear 

interaction for SC wall piers. 
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Three-dimensional finite element models were also developed to simulate the two series of 

experiments. FE models for biaxially loaded SC wall pier specimens agreed favorably with 

experimental results. The FE peak strengths were within 5% of the experimental strengths. 

Monotonically loaded FE models had a marginally stiffer response in comparison to experiments. 

The response of FE wall pier models was flexure controlled, and the models (except SC-T-2.5Vn) 

reached their compression yield moment capacity, VMyc. Specimen SC-T-2.5Vn failed in vector 

shear due to the magnitude of out-of-plane force being 2.5 times the out-of-plane strength. Flexural 

yielding and buckling of the faceplates were observed in the models. The low aspect ratio of the 

specimen enabled the concrete compression strut to form. However, the compression strut cannot 

anchor in at the base, and therefore its effectiveness would be limited. 

FE analyses for SC wall pier and wall specimens subjected to combined in-plane and accident 

thermal loading results agreed reasonably with experiments. The ambient stiffness of SC wall FE 

models compared well with experimentally observed stiffness. Ambient SC wall pier FE models 

marginally overestimated the stiffness in comparison to experimentally observed stiffness. SC wall 

pier FE models subjected to accident thermal loadings reached a peak strength marginally greater 

than the force corresponding to plastic moment capacity (VMp). SC wall models reached a peak  

strength of 1.30 times the nominal in-plane shear strength of the wall (Vn
AISC). Peak strengths for 

ambient and heated FE models were similar. The FE strengths were within 5% of the 

experimentally observed strengths. Accident thermal loads resulted in significant reduction in the 

stiffness. Reduced stiffness led to heated FE models reaching peak strengths at drift ratios 

significantly larger than that for ambient FE models. The magnitude of reduction in stiffness 

observed in FE models was consistent with that observed in the experiments. Reduction in stiffness 

is primarily due to cracking of concrete caused by non-linear thermal gradient through the cross-
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section of the wall. Concrete cracking results in reduced contribution of concrete to lateral strength, 

which increases the stress in steel at similar force levels. This may hasten the steel yielding in SC 

walls and wall piers. 

Since the FE model results are consistent with experiments, these benchmarked models can be 

used to conduct parametric studies and further validate the recommendations provided (based on 

experimental results). 

Conclusions 

The following conclusions are drawn based on the experiments, finite element analysis, and fiber 

analysis for SC wall pier specimens subjected to combined in-plane and out-of-plane loading. 

1. In-plane response of SC wall piers with aspect ratio greater than or equal to 0.6 is flexure 

controlled. Nominal in-plane strength of SC wall piers can be calculated as the lateral force 

corresponding to initiation of compression yielding in the faceplates (VMyc). 

2. SC wall pier failure for combined in-plane and out-of-plane loadings is due to interaction 

of in-plane and out-of-plane flexure. Biaxial moment interaction needs to be considered in 

the design of SC wall piers. 

3. SC wall pier specimen subjected to an out-of-plane force of magnitude 2.5 times its 

nominal out-of-plane strength failed in vector shear. For SC wall piers with shear 

dominated response (due to an in-plane aspect ratio less than 0.5, or high magnitude of out-

of-plane shear), the biaxial moment interaction needs to account for vector shear failure of 

the wall piers. 

4. Tie spacing plays an important role in the response of SC wall piers for biaxial loading 

once diagonal shear cracks form due to out-of-plane loads. Adequately designed ties spaced 

at half the section thickness can arrest the diagonal shear cracks. The wall pier would then 
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have a flexure controlled failure. However, ties spaced at section thickness do not provide 

adequate out-of-plane shear resistance. The wall pier may undergo a vector shear failure, 

with significant reduction in in-plane strength, and almost no post-peak response. 

5. Biaxial loading results in an asymmetric response of the wall piers. There was extensive 

twisting and out-of-plane deformation of the specimens. The ties need to be adequately 

designed for additional forces due to this asymmetric response. 

6. Out-of-plane flexural stiffness of SC wall piers can be estimated using the provisions of 

AISC N690s1. The stiffness will be uncracked or cracked-transformed depending on the 

magnitude of out-of-plane force. 

7. In-plane stiffness of the wall piers can be reasonably estimated based on cracked flexural 

stiffness (calculated for neutral axis location corresponding to compression yield moment) 

and cracked shear stiffness (calculated as the sum of steel shear stiffness and 0.25 times 

the shear stiffness of uncracked portion of concrete).  

8. A cross-section based fiber model can be employed to obtain the axial force-biaxial 

moment-shear interaction for SC wall piers. The model accounts for axial force-moment 

(P-M) interaction, vector shear failure of concrete, and Von-Mises yielding of faceplates. 

The design interaction recommended is conservative with respect to the fiber model, 

experiments, and finite element results. 

9. FE model  results for the specimens are consistent with experimental observations. The 

models reasonably predict the experimental strength and stiffness of the specimens. Stress 

states in steel and concrete, and failure modes of the specimens agree with those observed 

experimentally. The benchmarked finite element models can be employed to conduct 

parametric studies that will validate the recommendations based on experiments. 
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10. The test setup designed for experiments was successfully employed to apply high 

magnitudes of simultaneous orthogonal loading. The test setup can be used for testing RC 

shear walls or SC walls for biaxial loading. 

The following conclusions are drawn based on the experiments and finite element analysis for SC 

wall and wall pier specimens subjected to combined in-plane and accident thermal loadings. 

1. The nominal in-plane shear strength of SC walls at ambient temperatures can be 

conservatively estimated using the provisions of AISC N690s1. As discussed previously, 

the nominal in-plane strength of SC wall piers can be calculated as the lateral force 

corresponding to initiation of compression yielding in the faceplates (VMyc). 

2. Ambient secant stiffness of SC walls can be reasonably estimated considering cracked 

flexural (EIcr) and shear stiffnesses (GAcr). EIcr can be calculated from the moment-

TAN)curvature relationship, and GAcr can be calculated as the tangent shear stiffness (GAcr 

based on composite plate theory. 

3. Typical accident temperature loads for safety-related nuclear facilities range from 150˚C 

to 230˚C. Accident temperatures may be maintained for up to few days after the accident. 

Highly non-linear thermal gradients exist through the cross-section for first few hours after 

the accident. The extent of non-linearity reduces as concrete temperatures increase with 

time. 

4. Typical accident temperatures and durations do not significantly reduce the strength of SC 

wall and wall piers. The strength for accident thermal loading combinations can be 

calculated using strength equations for ambient temperatures (discussed in Conclusion 1). 

5. Typical accident temperatures and durations result in significant reduction in stiffness of 

walls and wall piers. The reduction is stiffness depends on the magnitude of surface 
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temperature. The SC wall pier specimen underwent secant stiffness reduction of 20% and 

40% (in comparison to ambient secant stiffness) for surface temperatures of 149˚C and 

232˚C. The corresponding reduction in secant stiffness (and shear stiffness) for SC  wall  

was 25% for 149˚C and 40% for 232˚C. 

6. Reduction in stiffness of wall structures is primarily caused by cracking of concrete due to 

non-linear thermal gradients. Concrete cracking results in higher stress in steel plates, 

which may hasten the yielding of steel plates. 

7. The effect of accident thermal temperatures on specimen stiffness can be addressed by 

calculating effective flexure and shear stiffnesses. The effective stiffnesses can be assumed 

to linearly reduce from cracked stiffness to steel-only stiffness for surface temperature 

change (∆T) from 0˚C to 150˚C. 

8. Concrete cracking pattern due to thermal loads depends on the pre-existing cracks. If there 

are no pre-existing cracks, concrete would crack symmetrically in regions with no external 

restraints. Typically, structures subjected to thermal loads will be pre-cracked, in which 

case thermally induced cracking will be along the pre-cracks and high-stress regions. 

9. The test setup designed for experiments was successfully employed to apply simultaneous 

thermal and mechanical loading. Since the heaters are capable of simulating fire 

temperatures, the setup can be used to conduct fire tests on SC walls. Fire or thermal tests 

can also be conducted for RC walls or beams. 

Analysis and Design Recommendations 

Typical analysis procedures in the industry employ elastic finite element models to obtain the 

design demands for the structure. The model parameters are calibrated to match the model stiffness 

with an effective stiffness value. The effective stiffness value is generally provided in codes and 
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specifications or may be obtained from experimental studies or benchmarked non-linear finite 

element models. Demands obtained from finite element analysis are compared with design 

strengths. Biaxial interaction and effect of thermal loads need to be considered while calculating 

design strength. Based on the experimental results, stiffness and strength recommendations for 

walls and wall piers are provided in this section. These recommendations compare favorably with 

experimental and numerical investigations presented in this dissertation. However, further research 

is needed to confirm the validity of these recommendations for a range of parameters not 

considered in this research. 

oop)9.3.1 Out-of-plane Flexural Stiffness (EIeff 

Effective out-of-plane flexural stiffness for SC walls and wall piers can be reasonably estimated 

using the provisions of AISC N690s1. 

9.3.2 In-plane Flexural Stiffness (EIeff
ip) 

EIeff
ip can be calculated using Equation 6.1 (repeated here), where EIcr is the cracked flexural 

stiffness, and ΔT is the maximum increase in surface temperatures (in ˚C). For SC walls, EIcr can 

be calculated from the moment-curvature relationship. For SC wall piers, EIcr can be calculated 

using neutral axis location for Myc (Equation 2.4). 

ip  EIcr  E Is s 
EIeff  EIcr  T  E Is s Equation 9.1 

150 

9.3.3 In-plane Shear Stiffness (GAeff) 

GAeff can be calculated using Equation 6.2 (repeated here), where GAcr is the cracked shear 

stiffness, and ΔT is the maximum increase in surface temperatures (in ˚C). For SC walls, GAcr can 

be calculated as tangent shear stiffness (GAcr
TAN) using Equation 2.12 (repeated here). AISC 

N690s1 provisions may also be used for calculating GAcr, but they may result in higher shear 
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stiffnesses. For SC wall piers, GAcr can be calculated as the sum of steel stiffness (GsAs) and 

uncr uncr0.25GcAc , where Ac is the concrete area under compression for neutral axis location 

corresponding to Myc (Equation 2.4). 

GAcr Gs As 
GAeff GAcr  T G As s Equation 9.2

150 

1TANGAcr Gs As     Equation  9.3  
4  2(1s )

0.7E A  E Ac c  s s  

9.3.4 In-plane Strength 

Nominal in-plane strength of flexure controlled SC wall piers can be calculated corresponding to 

compression yield moment (Myc) using Equations 2.4 and 2.5. For SC walls, the provisions of 

AISC N690s1 can be used. These strength equations are applicable for ambient and accident 

thermal conditions (for typical accident temperatures up to 232˚C). 

9.3.5 Biaxial Moment Interaction 

For flexure-controlled SC wall piers subjected to biaxial (in-plane and out-of-plane loading), 

biaxial interaction needs to be checked. The interaction can be checked against the tri-linear design 

interaction surface (discussed in Chapter 7) anchored at in-plane compression yield moment 

AISC AISC capacity (0, Myc), nominal out-of-plane moment capacity (Mn
AISC, 0), (0.4Mn , Myc), and (Mn , 

0.4Mp), where Mp is the in-plane plastic moment capacity (calculated using Equations 2.2 and 2.3). 

Limitations of Results 

The conclusions, and analysis and design recommendations presented in this chapter are based on 

a limited number of experimental and benchmarked finite element studies. Experimental studies 

have an inherent variability associated with them. This section enlists potential limitations of the 

conclusions and recommendations presented in this chapter. The recommendations should be 
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applied while being cognizant of the limitations. Some of the limitations can be addressed by future 

research discussed in the following section. 

Identical specimens may sometimes have variability in experimentally observed strength and 

stiffness values. The variability is expected to be higher for limit strengths controlled by concrete, 

in comparison to steel. Additionally, the specimens tested were scaled, and scaling effects have 

been observed in the past, especially in concrete limit states. As discussed in Section 1.5, scaling 

of the specimens was necessary to enable laboratory testing of these specimens. While measures 

were taken to address the effect of scaling, the results may still be influenced by scaling. 

Due to these limitations, the conclusions may need to be validated against additional experimental 

studies (with a different range of parameters) before they can  be applied in the design space. 

Benchmarked finite element models may be employed to conduct parametric studies and validate 

the conclusions. The analysis and design recommendation provided in this chapter may also need 

to be validated using benchmarked numerical models. Reliability studies may be needed to 

establish desired conservatism for the proposed recommendations. 

Performance of specimens may vary between different research programs. The variation may be 

due to different fabrication and testing methods employed. Since this dissertation discusses the 

evaluation of SC walls for nuclear applications, and nuclear structures are typically designed for 

first onset of significant inelastic deformation (FOSID), the design of structures can be checked 

for lower bound strength estimates. Uniformity in fabrication and testing protocols for SC walls is 

desired to obtain more reliable results from experiments conducted by different research programs. 

An important aspect of fabrication is welding of the specimens. As discussed in Section 6.3, SC-

W-H specimen failed due to weld fracture at the constrained weld location. This may be a potential 

issue in physical structures, where larger specimen and weld sizes may result in higher constraints. 
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Alternative details for flangeplate-webplate-baseplate weld need to be evaluated experimentally. 

Pre-qualified weld procedures for industry application and laboratory testing will standardize the 

fabrication procedures and eliminate potential variation in response due to differences in 

fabrication details. 

Directions for Future Research 

The experimental and numerical research presented in this dissertation fills some critical gaps in 

the existing database for SC walls. However, the research also paves the path for future directions 

of research. 

9.5.1 Experimental Studies 

 Experiments for biaxial loading were limited to SC wall piers (without boundary elements) 

because of the challenges discussed previously in Chapter 1. However, the successful design 

and implementation of the test setup means it can be employed for testing of SC walls (with 

boundary elements) and RC walls subjected to biaxial loading. This is especially important as 

shear walls in commercial construction, and labyrinthine walls in safety-related nuclear 

facilities are typically SC or RC. These experiments will provide valuable information about 

the interaction of in-plane and out-of-plane loadings for these walls. 

 SC wall and wall pier tests for combined thermal and in-plane loading establish the successful 

use of heating setup for wall tests. Since the heaters are capable of temperatures up to 1100˚C, 

the next step would be using the setup for fire testing of SC walls. Research is currently 

underway at Purdue University to investigate the in-plane behavior of concrete filled-

composite plate shear walls (CF-CPSWs) for potential application in high rise commercial 

construction. Since the fire hazard is a major concern for commercial construction, fire tests 
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for CF-CPSWs will provide critical information for applicability evaluation of the system for 

commercial application. 

 Failure of SC wall specimen was initiated by weld fracture. The weld detail was highly 

constrained, and may potentially result in a degraded response of full-scale walls, with higher 

weld and basemetal sizes. Different weld details can be experimentally evaluated. Pre-qualified 

weld details and weld procedures can be developed to reduce the potential for weld fracture, 

and standardize the fabrication procedure for SC walls. 

9.5.2 Numerical Studies 

 While the benchmarked finite element models provide valuable supplementary information 

about the experiments, there are some inherent limitations that can be addressed. A major 

improvement would be the implementation of a concrete model that has better multiaxial 

compression plasticity formulation. Also, the hysteretic response of the concrete model used 

is not satisfactory. A recently developed triaxial constitutive model for cyclic loading [135] is 

currently being explored by the research team. A better concrete model will enable more 

confidence in the post-peak response, and cyclic analyses for the specimens. 

 The benchmarked finite element models compare favorably with experimental results. Since 

the recommendations provided in this dissertation are primarily based on experiments that 

covered a limited number of parameters, benchmarked numerical models can be employed to 

explore the validity of recommendations for a variety of parameters. Reliability studies based 

on benchmarked finite element analyses can be performed to establish desired conservatism 

for the proposed recommendations. 

 The fiber model for biaxial moment interaction has some simplifying assumptions. The model 

can be refined to improve the precision of results obtained, e.g., effective compressive stress-
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strain curves obtained from detailed finite element analyses can be used to incorporate a more 

precise post-buckling response for the faceplates. The fiber model can also be updated to 

include accident thermal effects on biaxial moment interaction for the cross-section. 
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